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Abstract 



Ubiquitination - the linkage of one or more molecules of the protein ubiquitin to another protein - 
regulates a wide range of biological processes in all eukaryotes. We review the proteome-wide 
strategies that are being used to study aspects of ubiquitin biology, including substrates, 
components of the proteasome and ubiquitin ligases, and deubiquitination. 



Ubiquitin, a small protein of 76 amino acids, is highly con- 
served in all eukaryotes. In a multi-step process, ubiquitin is 
covalently linked to lysine residues of substrate proteins. If a 
single molecule of ubiquitin is linked to a protein, this is 
referred to as mono-ubiquitination, a process that is of partic- 
ular importance for protein trafficking but has also been 
shown to regulate retrovirus budding and to modulate 
protein function directly [1]. A lysine residue of a ubiquitin 
molecule attached to a substrate can itself serve as an accep- 
tor for an additional ubiquitin molecule, and this process can 
be repeated so that poly-ubiquitinated proteins form. Poly- 
ubiquitin chains serve as recognition signals for the 26S pro- 
teasome, the major regulator of protein abundance in cells, 
and poly-ubiquitination thus often initiates proteolysis of the 
substrate. But poly-ubiquitination can also regulate protein 
function directly without affecting stability, in ways similar to 
mono-ubiquitination and other post-translational modifica- 
tions. The mechanisms underlying proteolysis-independent 
regulation by poly-ubiquitination are only poorly understood 
but might function by changing conformation or adding or 
obscuring a binding site (Figure 1; for reviews see [1-3]). 

The transfer of ubiquitin is a multi-step process that involves 
at least three classes of enzymes: ubiquitin-activating 
enzymes, generally called El enzymes; ubiquitin-conjugating 
enzymes or E2s; and ubiquitin ligases, E3S (Figure 1). E3 
ubiquitin ligases are of particular importance because they 



confer substrate specificity to the system by interacting 
directly with substrate proteins and thereby directing the 
transfer of ubiquitin. The human genome encodes an esti- 
mated 500-600 ubiquitin ligases, a number comparable to 
the 518 predicted kinases [4,5]. If you consider that each 
ubiquitin ligase is active on several substrates, you can get 
some impression of the complexity and importance of the 
ubiquitin system. 

Ubiquitination is a highly dynamic process and is balanced 
by deconjugation of ubiquitin by deubiquitinating enzymes 
(DUBs). The more than 70 DUBs that are estimated to be 
encoded in the human genome are responsible for the 
reversible nature of ubiquitin modifications and have impor- 
tant roles in recycling ubiquitin from proteasome substrates, 
in stabilizing proteins by counteracting their poly-ubiquiti- 
nation, and in opposing the proteolysis-independent regula- 
tory roles of ubiquitin modifications (for reviews see [6,7]). 
DUBs together with El, E2 and E3 enzymes and the protea- 
some make up the ubiquitin-proteasome system. 

The large number of proteins that constitute the ubiquitin- 
proteasome system and the enormous number of ubiquitina- 
tion substrates mean that global approaches are required if 
we are to understand fully the role of ubiquitination in cell 
biology, development, and disease. Large-scale studies of the 
entire system are still in their early stages, but they have 
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(a) Ubiquitination (c) Proteolytic pathway 




The ubiquitin proteasome system, (a) Ubiquitin is activated by a ubiquitin-activating enzyme (El) and transferred onto substrate proteins by ubiquitin- 
conjugating enzymes (E2) and ubiquitin ligases (E3), resulting in (b) either attachment of a single ubiquitin molecule (mono-ubiquitination), attachment of 
multiple ubiquitin units to several substrate lysine residues on the same protein (multi-ubiquitination) or synthesis of ubiquitin chains (poly-ubiquitination). (c) 
Many poly-ubiquitinated proteins are subsequently degraded by the 26S proteasome, which consists of the catalytic 20S complex and the regulatory I9S 
particles. Degradation substrates are either delivered to the proteasome by soluble ubiquitin receptors or recognized by the intrinsic ubiquitin-binding 
activity of the I9S particle. At the I9S proteasome the ubiquitin chain is disassembled, and the substrate is unfolded before it can enter the cavity of the 
20S subunit where proteolysis takes place. Finally, proteolytic fragments exit the proteasome in a poorly understood way. (d) Ubiquitination can also 
directly regulate protein function in a proteolysis-independent manner, via mono-, multi- or poly-ubiquitinated proteins. 



already made important contributions to the field. Here, we 
review the approaches taken in some of these studies and 
their findings. 



Proteomic approaches to characterizing the 
ubiquitin-proteasome system 

Multi-protein complexes and protein-protein interactions 
have important roles in the ubiquitin-proteasome system. 
Both the 26S proteasome (see Figure lc) and E3 ubiquitin 
ligases have been studied extensively using protein-complex 
purification coupled with mass-spectrometric protein identi- 
fication [8-11]. Studies of the subunit composition of protea- 
somes from various organisms have revealed that the 26S 
proteasome complex consists of the 20S complex (made up 
of seven a and seven (3 subunits) and the 19S complex (made 
up of six ATPase and twelve non-ATPase subunits) [12]. The 
20S complex is well characterized as forming the catalytic 
core; the 19S regulatory complex is believed to be responsi- 
ble for substrate recognition and unfolding (Figure lc), but 
the specific functions of most of the 19S subunit components 
are still not well understood. There is accumulating evidence 
for a non-proteolytic role for the proteasome in processes 
such as transcription, chromatin packaging, and DNA repair 



[13,14]. Additional subunits found in the majority of protea- 
some complexes have been identified following the develop- 
ment of new protein-purification and protein-identification 
techniques [8,15]. Recently, hybrid 26S proteasome com- 
plexes have been characterized, in which one copy of the 19S 
is present at one end of the 20S core and the other end is 
capped by Bmlio, a newly characterized HEAT repeat 
protein in yeast. Blmio and its mammalian ortholog PA28 
function as 20S activators [16,17]. These complexes seem to 
have labile structures that cannot be preserved during the 
purification steps. Although the hybrid complexes reconsti- 
tuted in vitro have higher peptidase activity than the classic 
versions, their roles in the degradation of ubiquitinated sub- 
strates in vivo are unclear [16,17]. Given the heterogeneous 
population and functional diversity of the various protea- 
some complexes, it remains a challenging task to purify and 
identify the subpopulations of proteasome complexes and to 
correlate the differences in their composition with their 
distinct functions in vivo. 

A diverse groups of proteasome-interacting proteins, includ- 
ing ubiquitin ligases, DUBs, heat-shock proteins and many 
other proteins have been identified by affinity purification and 
mass spectrometry as well as from genome-wide two-hybrid 
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screens for protein-protein interactions [8,15,18-21]. Many 
of the identified interactions seem to be labile under condi- 
tions of active ATP hydrolysis by the 19S regulatory complex 
because addition of ATP coincides with the release of the 
interacting proteins [8]. This modulation has been suggested 
to be a part of the mechanism of protein degradation [22]. 
New methodologies are needed if we are to identify and 
characterize proteasome-interacting proteins fully, to under- 
stand how the different interacting proteins influence the 
catalytic cycle, and to clarify how they link the ubiquitin- 
proteasome system to other biological processes. 

Mass-spectrometric approaches have also contributed much 
to our current understanding of the complex composition of 
E3 ubiquitin ligases. Two types of ubiquitin ligase that play 
important roles in cell-cycle regulation have been exten- 
sively investigated: SCFs and the anaphase-promoting 
complex/cyclosome (APC/C). SCF ubiquitin ligases are 
named after three of their four subunits - Skpi, Cdc53 (also 
known as Cull) and one member of the F-box protein family - 
and they also include the Ring-H2 protein Hrti (also known 
as Roci or Rbxi) [23]. The substrate specificity of SCFs 
depends on the different F-box proteins that are tethered to 
the Cdc53-Hrti ubiquitin-ligase module by Skpi. Using 
sequential rounds of epitope tagging, affinity purification 
and mass spectrometry (a procedure called SEAM), Skpi 
was found to form a variety of complexes, including some 
that are most likely to have functions other than 
ubiquitination [9,24,25]. 

In comparison, proteomic approaches have shown that the 
APC/C, which regulates mitosis, has a more complex struc- 
ture than SCFs with at least 13 components [26]. Despite 
some success in identifying the subunits and also the modifi- 
cations of APC/C, the molecular functions of the individual 
subunits are largely unknown. Exceptions are the RING- 
finger subunit Apcii and the cullin-like subunit Apc2, which 
are believed to have a direct role in ubiquitin transfer [27]. 

Perhaps because of the large number of ubiquitin ligases 
present in the genome, ubiquitin-ligase proteomics is still in 
its infancy. Affinity purification coupled with mass spectrom- 
etry has promised great advances in the study of the composi- 
tion of protein complexes and the identification of their 
interacting partners. But further advancements in proteomic 
research are expected to provide more information on the 
protein complexes involved in the ubiquitin-proteasome 
system, including their post-translational modifications, the 
stoichiometry of their subunits and how they are assembled. 



Identification of ubiquitination substrates in vitro 

The large number of putative E3 ubiquitin ligases makes sys- 
tematic characterization of their substrates a formidable task, 
but it is one that will be important if we are to gain a global 
view of the dynamics of the ubiquitin system. E3-substrate 



interactions are generally only transient, and substrates are 
usually either degraded by the proteasome and/or released 
from the E3 ligase after the transfer of ubiquitin. This makes 
detection of E3-ligase-substrate interactions difficult. Two- 
hybrid assays have successfully identified some substrates of 
ubiquitin ligases [28], but identification of proteins that can 
interact with E3 ligases does not necessarily pinpoint sub- 
strates. A more effective strategy is to identify E3 substrates by 
their ubiquitination or degradation by the 26S proteasome. 

One of the first effective large-scale attempts used Xenopus 
oocyte extracts to identify substrates of the APC/C, a ubiqui- 
tin ligase that regulates mitosis [29-32]. The approach 
exploited the unique regulation of APC/C activity: it is inac- 
tive during interphase but active during mitosis. When 
added to mitotic extracts, APC/C substrates are ubiquiti- 
nated and rapidly degraded by the proteasome, but the same 
substrates are unchanged in interphase lysates. In a large- 
scale approach Xenopus cDNA clones that had been in vitro- 
translated and labeled were divided into small pools and 
incubated with interphase and mitotic oocyte extracts. Pro- 
teins that disappeared specifically from mitotic extracts were 
isolated, and this led to the identification of several important 
APC/C substrates, including cyclin B, the DNA-replication 
inhibitor geminin, and the anaphase inhibitor securin [29-32]. 

A different in vitro approach was applied to identifying the 
potential substrates of the ubiquitin ligase that is formed by 
a heterodimer of BRCAi and BARDi [33,34]; the 
BRCA1/BARD1 heterodimer functions as a tumor suppres- 
sor that is important for protection from breast and ovarian 
cancer, and its ubiquitin-ligase activity has been linked to its 
protective function [35]. Sato and colleagues [33] immuno- 
precipitated BRCA1/BARD1 complexes, which were added to 
a ubiquitination reaction in vitro, that used ubiquitin tagged 
with the FLAG epitope. The rationale behind the approach 
was that substrates of ubiquitination by BRCAi should be 
bound to the immunoprecipitated BRCAi and subsequently 
ubiquitinated with FLAG-ubiquitin in vitro. Proteins conju- 
gated to FLAG-ubiquitin were purified and identified by 
mass spectrometry [33]. A more directed strategy restricted 
the hunt for BRCA1-BARD1 substrates to components of the 
centrosome [34], because BRCAi has been implicated in the 
regulation of centrosome duplication [36]. Starita and col- 
leagues [34] incubated mammalian centrosome-containing 
cell fractions with recombinant BRCA1-BARD1 ligase com- 
plexes and biotinylated ubiquitin. Ubiquitinated proteins 
were detected through the biotin tag on ubiquitin and subse- 
quently identified by mass spectrometry [34]. Both of these 
strategies [33.34] identified promising candidate BRCAi- 
BARDi substrates - nucleoplasmin/B23 [33] and 7-tubulin 
[34] - that might be connected to the tumor-suppressor 
function of BRCAi. A high-throughput strategy has also been 
used to identify substrates of the yeast ubiquitin ligase Rsps 
in vitro. A luminescent assay involving biotinylated ubiqui- 
tin was used to screen several hundred purified yeast 
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proteins for Rsps-dependent ubiquitination in vitro. Previ- 
ously known, as well as new, candidate substrates of Rsps 
were identified [37]. 

A more general in vitro approach [38] used total HeLa cell 
lysates for large-scale identification of ubiquitinated pro- 
teins. Cell lysates were incubated with ubiquitin tagged with 
six histidines (6xHis-ubiquitin) and an ATP-regenerating 
system to sustain ubiquitination in vitro. The 6xHis-ubiqui- 
tin was covalently attached to proteins by the El, E2, and E3 
enzymes present in the cell lysates, and this allowed purifica- 
tion of ubiquitinated proteins on the basis of the affinity of 
6xHis-ubiquitin to Ni 2+ ions (Ni-chelate chromatography) 
[38]. Over 100 ubiquitin-linked proteins were identified by 
mass spectrometry, of which a relatively high proportion was 
already implicated in the ubiquitin proteasome pathway, 
such as E2 and E3 enzymes and proteasome subunits. 
Because relatively mild purification conditions were chosen, 
both ubiquitinated proteins and proteins associated with 
them were identified. This is illustrated by the identification 
of 16 out of 18 subunits of the 19S proteasome; covalent 
modification of 19S proteasome subunits with ubiquitin has 
so far not been reported, but an intrinsic affinity of the 19S 
proteasome for poly-ubiquitin chains is well known [39] and 
is most likely to be responsible for the identification of these 
proteins in the study [38]. Bona fide ubiquitinated proteins 
can be distinguished from associated, copurifying proteins 
by fractionation strategies that use highly denaturing condi- 
tions and break non-covalent interactions. Such stringent 
purification conditions have been widely used to demon- 
strate covalent attachment of ubiquitin to specific proteins 
[40], as well as in proteome-wide approaches to identifying 
ubiquitinated proteins, as discussed below. 



Ubiquitination substrates in vivo 

Identification of all ubiquitinated proteins in a cell under a 
given growth condition or developmental state is an ambi- 
tious aim, but it no longer seems impossible given the 
tremendous pace at which mass-spectrometry-based pro- 
teomics is developing (reviewed in [41]). Ubiquitin profiling 
was pioneered by Peng and colleagues [42] and usually 
involves expression of 6xHis-tagged ubiquitin in cells 
(Figure 2). The cellular ubiquitin system conjugates 6xHis- 
ubiquitin to target proteins and allows their purification by 
Ni-chelate chromatography. Because Ni-chelate purifica- 
tion is compatible with fully denaturing conditions, proteins 
that are associated with ubiquitinated proteins but are not 
ubiquitination substrates themselves can efficiently be 
removed. The purified ubiquitinated proteins are frag- 
mented by trypsin (or similar proteases) to generate pep- 
tides, which can be used for mass-spectrometric 
identification of the proteins present in the purified frac- 
tion. More than 1,000 candidate ubiquitination substrates 
were identified using this method in the relatively simple 
eukaryote Saccharomyces cerevisiae [42], whose genome 



Global strategies that use mass spectrometry (MS) to study ubiquitination. 
(a) Diagram of the lysine residues in ubiquitin; the carboxy-terminal Arg- 
Gly-Gly (RGG) motif is also indicated, (b) In ubiquitin profiling, 6xHis- 
tagged ubiquitin expressed in cells is conjugated to substrate proteins, and 
this facilitates purification of ubiquitinated proteins under denaturing 
conditions by Ni-chelate chromatography, in which histidine-tagged 
proteins bind specifically to immobilized Ni 2+ ions. Purified ubiquitinated 
proteins are digested with trypsin and the resulting peptides are analyzed 
by mass spectrometry to identify the proteins present in the sample. 

(c) Precise ubiquitination sites can be determined by mass spectrometry 
because of a characteristic mass shift caused by diglycine that is retained 
on ubiquitinated lysine residues within peptides after trypsin digestion. 

(d) A similar strategy allows differentiation between the various types of 
ubiquitin chain linkage that can lead to diverse ubiquitin-chain topologies. 
Depending on the lysine residue in ubiquitin that was used for the 
ubiquitin-ubiquitin linkage, different linkage-specific signature peptides with 
characteristic masses are produced by trypsin digestion. These signature 
peptides can be detected and distinguished by mass spectrometry. 



encodes roughly 5,800 proteins. Surprisingly, most of the 
well-studied (and less abundant) ubiquitinated proteins 
were absent from the list, suggesting that many more yeast 
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proteins than the identified 1,000 candidates are ubiquiti- 
nation substrates. 

At first glance, it seems that a surprisingly large fraction of 
the proteome is ubiquitinated. But misfolded proteins, 
which can be generated by translation inaccuracy, folding 
problems or oxidative damage, are ubiquitinated and 
degraded as part of the protein quality-control pathway [43]. 
One can therefore expect that at least a small fraction of any 
protein will be ubiquitinated, and that sufficiently sensitive 
analytical methods might find that all proteins can be ubiq- 
uitination substrates. It is important to bear in mind that 
current ubiquitin-profiling experiments can indicate only 
whether any of a given protein is ubiquitinated but cannot 
give any estimate of what fraction of the protein is ubiquiti- 
nated. This imposes some limitations on how the results of 
large-scale studies can be interpreted. 

To find more specific substrates of the ubiquitin-proteasome 
system, recent proteomic approaches have focused on specific 
parts of the system. Ubiquitin profiling has been used success- 
fully to study the endoplasmic reticulum associated degrada- 
tion pathway (ERAD) [44]. Membrane-enriched fractions 
from yeast cells expressing 6xHis-ubiquitin were used as a 
starting material for purification of ubiquitinated proteins and 
their subsequent identification by mass spectrometry. More 
than 80 candidate ERAD substrates were identified [44]. 

Mayor and colleagues [45] enriched for proteasome substrates 
on a poly-ubiquitin-binding protein resin and followed this 
with denaturing Ni-chelate chromatography in order to 
purify ubiquitinated proteins from yeast cells expressing 
6xHis-ubiquitin. Remarkably, by profiling a yeast strain with 
a mutation in the proteasomal ubiquitin receptor Rpnio, they 
could identify 54 candidate ubiquitination substrates that 
require Rpnio for degradation [45]. Among them were the 
transcription factor Gcn4 and the cell cycle regulator Sici, 
two known proteasome substrates whose abundance is low. 
This study [45] demonstrates how subtractive ubiquitin pro- 
filing can help to define substrates of particular pathways of 
the ubiquitin-proteasome system. It is not hard to imagine 
that a similar strategy, in which cells defective in a particular 
E3 ligase are compared with wild-type cells, could be used 
for large-scale identification of the specific substrates of 
individual ubiquitin ligases. Furthermore, the introduction 
to proteomic analyses of various mass-spectrometric 
strategies that use stable isotope labeling promises to 
transform ubiquitin-profiling experiments by enabling 
detection of quantitative changes in ubiquitin profiles [46-48]. 



Ubiquitination sites and ubiquitin-chain topology 

The pioneering ubiquitin-profiling experiments of Peng and 
colleagues [42] demonstrated the feasibility of large-scale 
identification of ubiquitin-attachment sites in substrate 
proteins. This is possible because, after trypsin digestion, the 



two carboxy-terminal residues of ubiquitin remain attached 
to the lysine residue of the substrate protein (Figure 2c). 
These two additional glycine residues lead to a characteristic 
114 Da increase in the mass of the ubiquitinated substrate 
peptide, which is diagnostic for the ubiquitinated residue 
and can be monitored by mass spectrometry [42]. Over 100 
precise ubiquitin attachment sites have been identified by 
analyzing peptide-mass data from global ubiquitin-profiling 
experiments [42,44]. Bioinformatic analyses of these data 
sets showed that ubiquitination sites are almost exclusively 
exposed on the protein surface, and located preferentially in 
a sequence environment that is predicted to form a loop 
structure [49]. No conserved ubiquitination motif could be 
defined, however. 

A related strategy allowed detection of different ubiquitin 
chain topologies in vivo [42,50]. Formation of a poly-ubiqui- 
tin chain requires isopeptide linkages between the terminal 
carboxyl group of a free ubiquitin molecule and one of seven 
lysine residues present in a substrate-attached ubiquitin 
(Figure 2a,d). The most important chain topology is formed 
through the lysine in position 48 of ubiquitin [51]. Chains 
linked through Lys48 are the principal recognition signals 
for the proteasome and generally induce substrate degrada- 
tion [52]. Chains linked through Lys63 do not induce sub- 
strate degradation but have direct effects on protein activity 
[53,54]; the biological role of other ubiquitin chain topolo- 
gies is unclear. From the analytical perspective, the ubiquitin 
chain linkage can be regarded as a specific example of a 
ubiquitination site in a substrate: the substrate in this case is 
ubiquitin itself. Chain linkage can therefore be determined 
by the characteristic 114 Da mass shift, as described above 
(Figure 2c,d) [41]. 

Rather surprisingly, analysis of mass data from large-scale 
ubiquitin-profiling experiments [42] has revealed that all 
seven lysine residues in ubiquitin are used to form ubiquitin 
chains in vivo. The abundance of the different chain-linkage 
types was ranked and suggested that linkage through Lys48 
is the most abundant topology, followed by Lys63 and Lysii 
chains and the less frequent linkages through Lys33, Lys27, 
Lys6, and Lys2Q (the latter is detected only in combination 
with Lys33 linkage) [42]. These results emphasize the com- 
plexity of ubiquitin biology. At the same time, interpretation 
of these experiments [42] is somewhat limited because they 
can describe only the linkage between two ubiquitins and 
cannot determine to which protein the chain was attached 
or whether the chain was attached to a substrate at all 
(Figure 2d). Similarly, it is unclear whether ubiquitin chains 
are homogenous or can contain mixed linkage types. The 
only rigorously studied example so far of a substrate- 
attached ubiquitin chain in vivo demonstrated the presence 
of a homogenous ubiquitin chain [50]. Many more studies 
are necessary, however, before we can decide whether mixed 
chains exist in vivo and whether they encode biologically 
important information. 
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Chemistry-based and global in vivo approaches 
to deubiquitination 

DUBs are an important component of the ubiquitin-protea- 
some system. They are proteases and can therefore be tar- 
geted by activity-dependent probes, which form covalent 
bonds with their active sites and have been successfully 
applied to other classes of proteases [55,56]. An elegant 
strategy using an activity-based approach to target DUBs 
has led to the identification of numerous deubiquitinating 
activities in cell lysates and the discovery of the new class of 
DUBs that contain an OTU domain (a domain characteristic 
of the ovarian tumor superfamily of proteins) [57]. Briefly, 
ubiquitin fused to a hemagglutinin (HA) epitope tag at its 
amino terminus and to one of various cysteine-reactive 
probes (which react with cysteine proteases) at the carboxyl 
terminus is incubated with total cell lysates. The active site 
of each DUB forms a covalent bond with the cysteine-reac- 
tive group on the HA-ubiquitin probe (Figure 3a) and can 
therefore be immunopurified using the HA tag and subse- 
quently identified by mass spectrometry (Figure 3b) [58]. 
Activity-based ubiquitin probes have also been used to gen- 
erate profiles of DUB activity in different cell lines and 
tissues and to identify proteins that interact with DUBs 
(Figure 3b) [58,59]. 

The problem of identifying DUBs that react with a specific 
ubiquitinated protein has been elegantly addressed using a 
collection of RNA-interference (RNAi) vectors that knock 
down the expression of more than 50 DUBs in mammalian 
cells [60]. Because the steady-state level of ubiquitin conju- 
gates reflects the balance between ubiquitination and 
deubiquitination, knockdown of the activity of a specific 
DUB increases the fraction of the ubiquitinated form of its 
substrates. This strategy helped to identify the DUB USPi as 
the deubiquitinating activity that acts on the mono-ubiquiti- 
nated version of FANCD2 (a protein defective in the Fanconi 
anemia complementation group D2) [60]. A similar collec- 
tion of small interfering RNAs (siRNAs) has enabled the 
identification of the familial cylindromatosis tumor suppres- 
sor gene (CYLD) as a DUB involved in regulation of the 
NFkB transcriptional control pathway [61]. 

More than 25 years have passed since the initial discovery of 
the ubiquitin system. Ubiquitin has since extended its role 
from a protein-degradation signal to a regulatory protein 
modification that affects all areas of biology. The importance 
of the ubiquitin-proteasome system in biology was acknowl- 
edged with the 2004 Chemistry Nobel Prize to Aaron 
Ciechanover, Avram Hershko, and Irwin Rose, who first estab- 
lished its main features. The complexity and significance of 
the ubiquitin-proteasome system has started to attract global 
approaches that are beginning to make important contribu- 
tions to our understanding of the system. Chemistry-based 
approaches to deubiquitination have demonstrated the effec- 
tiveness of these strategies, and analogous activity-based 
probes for studying the ubiquitin transfer will be of similar 



(a) Reactive 
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Identify DUBs Identify 
by MS DUB-interacting 
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Activity-based profiling of deubiquitinating enzymes and interacting 
proteins, (a) Ubiquitin fused to an amino-terminal epitope tag (for 
example hemagglutinin, HA) and a carboxy-terminal reactive group forms 
a covalent conjugate with deubiquitinating enzymes (DUBs; for details of 
the generation of these ubiquitin probes, see [57]). (b) The DUB- 
ubiquitin conjugates can be immunopurified using the HA epitope. 
Immunopurification under native conditions allows identification of DUBs 
and their interacting proteins by mass spectrometry (MS). The 
immunopurified fractions can be further separated by gel electrophoresis, 
and DUB-ubiquitin conjugates can be detected by anti-HA 
immunoblotting. Proteins corresponding to HA-reactive bands can be 
eluted from silver-stained gels (not shown) and the DUBs can be 
identified by mass spectrometry. 



importance. Proteomics using mass spectrometry has had a 
tremendous impact on the field, as it has helped to describe 
the nature and regulation of multi-protein complexes that 
themselves regulate the ubiquitin-proteasome system. Large- 
scale ubiquitin-profiling experiments have highlighted the 
involvement of the system in a wide range of processes and 
demonstrated the complexity of ubiquitin-chain topology. 
Mass-spectrometric approaches promise to be particularly 
powerful in the future because one of the previous limitations - 
the inherent non-quantitative nature of these experiments - 
has been overcome by stable-isotope-based quantification 
strategies [48-50]. 
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Some of the global approaches described here for the study 
of the ubiquitin system have also been applied to the study of 
other ubiquitin-like proteins, such as SUMO, ISG15, and 
Nedd8 [62,63]. The strategies that have been proven to be 
effective for studying ubiquitin biology will be just as impor- 
tant for rapidly advancing our understanding of the role of 
the growing family of ubiquitin-like modifiers. 
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Regulatory peptide receptors are overexpressed in numerous 
human cancers. These receptors have been used as molecular 
targets by which radiolabeled peptides can localize cancers in 
vivo and, more recently, to treat cancers with peptide receptor 
radiation therapy (PRRT). This review describes the candidate 
tumors eligible for such radiotherapy on the basis of their pep- 
tide receptor content and discusses factors in PRRT eligibility. 
At the present time, PRRT is performed primarily with soma- 
tostatin receptor- and cholecystokinin-2 (CCK2)-receptor-ex- 
pressing neuroendocrine tumors with radiolabeled octreotide 
analogs or with radiolabeled CCK2-selective analogs. In the 
future, PRRT may be extended to many other tumor types, 
including breast, prostate, gut, pancreas, and brain tumors, that 
have recently been shown to overexpress several other peptide 
receptors, such as gastrin-releasing peptide-, neurotensin-, 
substance P-, glucagon-like peptide 1-, neuropeptide Y-, or 
corticotropin-releasing factor-receptors. A wide range of radio- 
labeled peptides is being developed for clinical use. Improved 
somatostatin or CCK 2 analogs as well as newly designed bom- 
besin, neurotensin, substance P, neuropeptide Y, and gluca- 
gon-like peptide-1 analogs offer promise for future PRRT. 
Key Words: tumor targeting; radiopeptides; receptors; peptide 
receptor radiation therapy; tumor selection 
J Nucl Med 2005; 46:67S-75S 



In the past decade, there has been increasing evidence of 
peptide receptor expression on various human cancers (/). 
This observation has permitted the development of in vivo 
peptide receptor targeting of these tumors for diagnostic or 
therapeutic purposes (2,5). Because of the success of pep- 
tide receptor radiation therapy (PRRT) in somatostatin re- 
ceptor-positive cancers, it is appropriate to review the var- 
ious peptide receptors and corresponding tumors that are or 
may become candidates for PRRT and discuss eligibility 
criteria for patients with cancer. With the recent develop- 
ment of other "intelligent drug molecules" (e.g., imatinib, 
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trastuzumab, and epidermal growth factor-receptor inhibi- 
tors) targeted to specific entities, it is increasingly important 
to select the right patient candidate for the right drug (4). If 
we do not systematically preselect PRRT patients on the 
basis of rational molecular biologic grounds, then clinical 
applications may yield poorly reproducible therapeutic re- 
sults for these drugs and lead to false conclusions about the 
efficacy of targeted drug therapy in general (4). 

GENERAL CRITERIA FOR PRRT ELIGIBILITY 

Two types of criteria should guide decisions on eligibility 
of cancer patients for PRRT: clinical and molecular biologic 
criteria (Table 1). 

Clinical Criteria 

Patients eligible for PRRT are those with cancer and 
multiple inoperable metastases. Most of these patients have 
been pretreated. Often, established adjuvant palliative ther- 
apies (chemotherapy, radiotherapy) have been tried in these 
patients with little or no success before PRRT (3). Patients 
with a single brain tumor are also eligible when a surgical 
approach or nonsurgical treatments (chemo- and radiother- 
apy) have failed (5). 

Molecular Biologic Criteria 

An absolute prerequisite for PRRT inclusion of a cancer 
patient from the categories cited in the previous paragraph is 
that the cancer expresses the corresponding peptide receptor 
in the primary tumor and in metastases. It is a further 
prerequisite that receptor density is high. Finally, knowing 
that peptide receptor expression in cancers may be hetero- 
geneous (i.e., that some tumor areas can express a high 
receptor density whereas others lack the receptors), it is 
obvious that the more homogeneously a peptide receptor is 
expressed in a tumor, the better candidate target it is for 
PRRT (1,6). 

Because many peptides act through multiple peptide re- 
ceptor subtypes, it is crucial that the peptide receptor sub- 
type expressed by a given tumor correspond to the subtype 
to which the radioligand used for PRRT binds with high 
affinity. 

Although tumor location is in most cases not a crucial 
criterion for PRRT eligibility, it should be remembered that 
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TABLE 1 

General Criteria for Peptide Receptor Radiation 
Therapy Eligibility 



Clinical 

Cancer with inoperable multiple metastases; single brain 
tumors. 

No success with established therapies. 
Molecular biological 
Tumor expressing adequate peptide receptors. 
Expressed subtype corresponds to affinity profile of radioligand. 
Tumor expressing a high density of receptors. 
Preferably homogenous distribution. 

Tumor localization preferably outside the blood-brain barrier 
(alternative application for central nervous system tumors). 
Preferably high radiosensitivity. 



peptides usually cross the blood- brain barrier with diffi- 
culty. Therefore, brain tumors, including glioblastomas with 
partially perturbed blood- brain barrier, will be less acces- 
sible to intravenously injected peptides than are peripheral 
tumors. This does not mean that patients with brain tumors 
are ineligible for PRRT. Indeed, brachytherapy may be used 
as a PRRT alternative for brain tumor patients, based on the 
use of radiolabeled peptides applied locally to the tumor (5). 

Although tumor size was shown to play an important role 
in the efficacy of PRRT in animal tumor models, similar 
studies have not been published for humans (7). 

Tumor radiosensitivity is of clear importance in the suc- 
cess of targeted radiotherapy, but the radiosensitivity of a 
specific tumor ranks behind peptide receptor expression in 



eligibility criteria for PRRT. However, when 2 tumors have 
similar levels of peptide receptors, the one that is more 
radiosensitive is a better candidate for PRRT. It is not clear 
whether a radiosensitive tumor that usually has only a low 
density of somatostatin receptors (e.g., lymphomas) will be 
a good PRRT candidate. 

TUMORS AND RECEPTORS ELIGIBLE FOR PRRT 
TODAY 

The choice of the right tumor patients as PRRT candi- 
dates today is based on the following knowledge: (a) Pre- 
vious information from in vitro receptor studies in cancer 
(7). These studies have provided data about incidence and 
receptor density in various human cancers. This allows the 
physician to make a first selection of types of tumors with 
high incidence of peptide receptor expression that may be 
eligible for PRRT. (b) Results of in vivo receptor scintig- 
raphy with the relevant radioligand in the patient of interest. 
Such data should not only allow detection or confirmation 
of the site of the primary tumor and metastases but also 
permit evaluation of receptor density in the targeted tumor. 
To achieve the latter, the nuclear physician can calculate a 
tumor-to-liver ratio as a relative measure of receptor num- 
ber (3). This ratio must be high for PRRT eligibility (3). 

PRRT has been established for 2 peptide receptor sys- 
tems: somatostatin receptors and, to a lesser extent, for 
cholecystokinin-2 (CCK2) receptors (Table 2). For both 
systems, clinical studies have reported efficacy in a signif- 
icant number of patients (8-11). 



TABLE 2 

Current Tumor and Peptide Receptor Candidates for PRRT 



In vivo evidence 

Administration route Tumors In vitro evidence Diagnostic PRRT (ref.) 

Intravenous Somatostatin receptor sst2-expressing tumors 



GEP NET* 


+ 




+ (3,8,70, 


Paragangliomas* 


+ 


+ 


+ (43) 


Pheochromocytomas* 


+ 


+ 


+ (43) 


Small-cell lung cancer 


+ 


+ 




Medullary thyroid cancer 


+ 


+ 


+ (43) 


Breast cancer 


+ 


+ 




Renal cell cancer 


+ 


+ 




Thyroid cancer 


+ 


+ 




Malignant lymphomas 


+ 


+ 




CCK2 receptor expressing tumors 








Medullary thyroid cancer* 


+ 


+ 


+ (9) 


GIST* 


+ 






Small-cell lung cancer 


+ 


+ 




GEP NET 


+ 


+ 




Sex cord stromal ovarian tumor 


+ 






sst2-expressing central nervous system tumors 








Medulloblastomas* 




+ 


+ 


Gliomas 


+ 




+ (5,72) 



*Most eligible for PRRT, on the basis of high incidence and density of receptors. 
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Somatostatin Receptors 

Several groups have shown that cancers with a high 
somatostatin receptor density, in particular sst2 subtype 
(Table 2), are eligible for somatostatin receptor radiother- 
apy (3,8,10,11). This is predominantly the case for gastro- 
enteropancreatic (GEP) neuroendocrine tumors (NETs), es- 
pecially carcinoids and gastrinomas, which frequently have 
a high sst2 receptor density. Other NETs, such as pheochro- 
mocytomas, paragangliomas, and bronchial carcinoids, are 
also strong candidates (7). Small-cell lung cancers and 
medullary thyroid carcinomas, in selected cases, also have a 
receptor density sufficiently high to be included in this list. 
In practice, the pituitary adenomas (growth hormone, thy- 
roid-stimulating hormone, and inactive adenomas) are not 
considered PRRT candidates, although they usually have 
very high sst2 density. The reason they are not considered 
for PRRT is the therapeutic success of established alterna- 
tive methods. Finally, a small percentage of non-NETs at 
times may be selected for PRRT, including inoperable me- 
ningiomas, neuroblastomas, a subgroup of metastatic breast 
tumors characterized by high receptor density, metastatic 
renal cell carcinomas, and thyroid cancers (7). 

All these tumors are usually reached adequately by intra- 
venous application of the radioligand. However, as men- 
tioned previously, a few tumor types, such as brain tumors, 
are less accessible by the intravenous route. These tumors 
(gliomas and medulloblastomas) may be targeted by a top- 
ical application of 90 Y- or 177 Lu-labeled octreotide deriva- 
tives. PRRT using octreotide derivatives has been shown to 
be successful for peripheral as well as central nervous 
system tumors (3,5,12). 

CCK2 Receptors 

Only a few reports have shown cancers with a high 
density of CCK2 receptors to be eligible for CCK2 receptor 
radiotherapy. On the basis of previous in vitro receptor 
studies, Behr et al. (9) selected as a first choice medullary 
thyroid carcinomas for in vivo targeting, because these 
express CCK 2 receptors in virtually all cases and have 
shown encouraging preliminary PRRT data (13). The main 
limiting problem for the development of PRRT using CCK2 
receptors may be the high and therefore problematic kidney 
uptake with current CCK analogs (9). Fortunately, a new 
generation of CCK analogs has been designed with much 
less kidney uptake (14). CCK2 receptors have been shown 
to be overexpressed in several other cancers, including some 
GEP NETs, small-cell lung cancers, ovarian tumors, and, 
most interesting, also in gastrointestinal stromal tumors 
(GISTs), where they can be expressed in extremely high 
density (13,15,16). 

Other Peptide Receptors 

Proof of principle of in vivo targeting has been obtained 
recently with other peptide receptors. These include gastrin- 
releasing peptide (GRP) receptors, neurotensin (NT) recep- 
tors, and vasoactive intestinal peptide (VIP) receptors (77- 
19). However, no PRRT data on clinical use of these 



peptides are available, so these candidates will be discussed 
more thoroughly in the section on PRRT for the future. 

In Vivo Versus In Vitro Receptor Evaluation 

Extensive studies have been performed to assess the 
specificity of somatostatin receptor scintigraphy by compar- 
ing it directly with in vitro somatostatin receptor status (20). 
In most of the PRRT studies, however, patient eligibility 
was based only on ni In-diethylenetriaminepentaacetic acid 0 
(DTPA)-octreotide (Octreoscan; Mallinckrodt, Inc.) or 
CCK2 receptor scintigraphy in vivo rather than on an in 
vitro evaluation of receptor expression in surgically resected 
tumor samples. In vivo peptide receptor scanning is pre- 
ferred because m In-DTPA-octreotide or CCK2 receptor 
scintigraphy has the advantage of being noninvasive with no 
requirement for tumor sampling. Moreover, these scanning 
methods can provide information about whole-body distri- 
bution of receptor-positive tumors and give a relative ap- 
proximation of their density using the tumor-to-liver ratio. 
However, in vivo scintigraphy cannot give a clear assess- 
ment of the homogeneity or heterogeneity of receptor dis- 
tribution within the tumors. This information and precise 
quantification can be obtained by in vitro receptor auto- 
radiography, with the limitation that usually only a portion 
of the tumor is assessed. Figure 1 depicts homogeneously 
distributed somatostatin receptors in a GEP NET compared 
with heterogeneously distributed somatostatin receptors in a 
breast cancer, as measured by in vitro receptor autoradiog- 
raphy. 

TUMOR AND RECEPTOR PRRT CANDIDATES FOR 
THE FUTURE 

Table 3 lists several peptide receptors and tumor types 
that may become eligible for PRRT in the near future. This 
list is based primarily on current in vitro receptor data from 
surgical samples. In vitro receptor data have been consid- 



c 



F 

: 

- - 

FIGURE 1. Homogeneous distribution of somatostatin recep- 
tors in a GEP NET (A-C) and nonhomogeneous distribution in a 
breast cancer (D-F). (A and D) Hematoxylin-eosin stained sec- 
tions. Bars = 1 mm. (B and E) Total binding of 125 l-Tyr 3 -oct- 
reotide with homogenous distribution in B but not in E. (C and F) 
Nonspecific binding. 
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TABLE 3 

Tumor and Peptide Receptor Candidates for Peptide Receptor Radiation Therapy in Future 



Administration route 



Tumor 

GRP-R-expressing tumors 
Prostate cancer* 
Breast cancer* 
GIST* 

Small-cell lung cancer 
NT^R-expressing tumors 

Exocrine pancreatic cancer* 

Meningiomas 

Ewing sarcomas 
VIP-R-expressing tumors 

VPAC,t 

VPAC 2 : GIST*, other stromal tumors 
NPY-R-expressing tumors 
breast Ca* 

Y^: sex cord stromal ovarian tumors 

Y!/Y 2 : adrenal tumors 
GLP1 -R-expressing tumors 

Insulinomas* 

Gastrinomas 
CRF-R-expressing tumors 
CRFi: ACTH-prod. pituitary adenomas 

paragangliomas 
CRF 2 : growth hormone-prod, pituitary adenomas 

nonfunctioning pituitary adenom 
Tumors expressing multiple sst s 

Medullary thyroid cancer 

Pituitary adenomas 

Prostate cancers 



In vivo evidence 
In vitro evidence Diagnostic (ref) PRRT 



+ (44) 
+ (77) 



\\m imaging 



*Most eligible for PRRT, on the basis of high incidence and density of receptors. 

+ Gastrointestinal cancers; many other VPACVR-expressing tumors may be inadequate because of high VPACt expression in normal 
tissues. 



ered to be largely predictive for in vivo conditions, based on 
the excellent correlation between in vitro and in vivo recep- 
tor evaluation (20). The list is further supported by a limited 
number of reports on in vivo targeting for diagnostic pur- 
poses. PRRT studies are still largely absent in this group. 

GRPs. Of great potential interest for PRRT are GRP 
receptors, because they are abundant in most breast and 
prostate cancers. Samples tested in vitro have originated 
only from surgically operable tumors. The investigated 
sample collection, therefore, has consisted predominantly of 
primaries rather than of metastatic tissues and rarely has 
contained advanced undifferentiated cancers or hormone- 
insensitive cancers (21,22). This means that the GRP recep- 
tor status of the latter tumor group remains largely un- 
known, having not been investigated for technical reasons. 
GRP receptor heterogeneity is frequent in breast cancer and 
could pose a potential problem for GRP receptor radiother- 
apy (21). One target that may be extremely attractive for 



PRRT is GISTs, because of the extraordinarily high GRP 
receptor density found in these tumors (16). 

NT Receptors. A subgroup of ductal pancreatic carcino- 
mas expresses a high density of NT receptors (23). A 
preliminary in vivo NT receptor scanning study visualized a 
faint signal from a tumor with a high density of these 
receptors (18). These tumors may be attractive for PRRT, 
despite the low cellularity of the type of cancer, often 
consisting of few but strongly receptor-positive neoplastic 
ducts embedded within a receptor-negative surrounding fi- 
brosis (as in chronic pancreatitis) (23). This low cellularity 
may explain in part the weakness of the in vivo signal. Other 
tumors expressing NT receptors are meningiomas and Ew- 
ing sarcomas. 

VIP Receptors. Although a majority of human cancers 
express VIP receptors of the VIP-pituitary adenylate cy- 
clase-activating polypeptide 1 (VPAC1) subtype, the target- 
ing of VPAC1 -receptors for PRRT is unlikely to be have 
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great potential because of the ubiquitous distribution of 
VPAC1 in most organs (24). Conversely, VPAC2, which is 
only rarely expressed in normal tissues, may be a target for 
PRRT in VPAC2-expressing cancers. GISTs, with high 
VPAC2 receptor density, may be most attractive examples 
(76). In vivo data using 123 I-VIP as a universal ligand 
targeting VPAC1 and VPAC2 are available as proof of 
concept that VIP receptor-positive tumors, specifically gas- 
trointestinal cancers, can be targeted in vivo in selected 
patients (19,25). 

Neuropeptide-Y (NPY) Receptors. NPY receptors have 
been found to be highly expressed in breast cancer, predom- 
inantly as Yl subtype, as well as in a subgroup of ovarian 
tumors (sex cord stromal tumors) and adrenal tumors (26- 
28). This is a new family of peptide receptors for which in 
vivo scanning studies in human tumors should be per- 
formed. 

Glucagon-Like-Peptide 1 (GLP1) Receptors. A very high 
density of GLP1 receptors was reported in virtually all 
insulinomas and, at lower density, in gastrinomas, suggest- 
ing the use of GLP1 analogs for PRRT of these tumors (75). 
Whereas rat insulinomas were reported to be targeted in 
vivo by GLP1 analogs, such evidence is still missing for 
human insulinomas. 

Corticotropin-Releasing Factor (CRF) Receptors. CRF 
receptors are expressed in selected human cancers (29). 
Those with a high density include adrenocorticotropic hor- 
mone-producing pituitary adenomas and paragangliomas 
(CRF1) as well as GH-producing and nonfunctioning pitu- 
itary adenomas (CRF2). These may be attractive PRRT 
candidates. 

Neurokinin 1 (NK1) receptors. Because gliomas have a 
density of NK1 receptors that is considerably higher than 
that of somatostatin receptors, the same topical approach as 
for somatostatin receptors has been proposed and a pilot 
study was started to evaluate the effect of PRRT in glio- 
blastomas (12,30). The study is still in progress, but encour- 
aging preliminary data have been reported (31). 

MULTIRECEPTOR TARGETING 

The presence of multiple peptide receptors in selected 
cancers may be the basis for multireceptor radiotherapy 
using 2 or more radiotracers concomitantly. This strategy 
would have 2 main advantages. First, 2 or more radioligands 
administered concomitantly could considerably increase the 
therapeutic dose to the tumor. Second, some of the problems 
related to receptor heterogeneity in tumors may be over- 
come, because it is likely that more tumor cells would be 
targeted with 2 or more radioligands than would be possible 
with only a single ligand. Figure 2 illustrates this with the 
example of CCK and somatostatin receptors. Most of the 
CCK receptors are distributed on the right part of the 
sample, whereas most of the somatostatin receptors are on 
the left. It is expected that PRRT with radiolabeled CCK 
and somatostatin analogs administered together would be 



HE CCK-R SS-R 

FIGURE 2. Concomitant but complementary distribution of 
CCK and somatostatin receptors in adjacent sections of GEP 
NET. (A) Hematoxylin-eosin stained section. Bar = 1 mm. (B) 
Autoradiograph showing CCK receptors predominantly ex- 
pressed in right part of tumor. (C) Autoradiograph showing 
somatostatin receptors predominantly found in left part of tu- 



more successful than PRRT using either tracer alone, be- 
cause the tumor would be targeted much more homoge- 
neously. Such multireceptor targeting could possibly prevent 
or reduce resistance or escape from radiotherapy. Tumors of 
interest for multireceptor targeting include breast cancers (ex- 
pressing concomitantly GRP and NPY receptors) and GISTs 
(with GRP, CCK2, and VPAC2 receptors) (76,52). 

PEPTIDE RADIOLIGAND CANDIDATES 

A prerequisite for successful PRRT is the availability of 
adequate peptide tracers. The best developed tracers at 
present are usually characterized by binding affinities in the 
low nanomolar range. So far, these small peptides have not 
been found to be immunogenic, unlike antibodies used in 
radiolabeled therapy. Peptide radioligands include those 
used for somatostatin receptor targeting, which are mostly 
derived from octreotide (2). Moreover, the development of 
adequate peptide radioligands for other receptors is also 
rapidly progressing (Table 4). Although many groups are 
working to develop GRP, CCK2, and NT radioligands, little 
information is available on adequate NPY, GLP-1, and VIP 
ligands to be used for PRRT (7). 

Radioligands in Human Use Today 

Somatostatin. Prototypical in targeted radiotherapy are 
radiopeptides based on somatostatin analogs. Four of these 
ligands are in clinical use. They are depicted in Figure 3. 
The oldest agent is m In-DTPA-octreotide. This peptide 
radioligand was designed for scintigraphy and, because of 
the Auger and conversion electrons emitted by m In, has 
been suggested to be useful for therapy as well. One of the 
drawbacks of this radiopeptide is its only moderate binding 
affinity to sst2 and almost negligible affinity to sstl, 3, 4, 
and 5. In addition, DTPA is not a suitable chelator for 
commercially available (3-emitters such as 90 Y and 177 Lu. 
For these radiometals, it is better to use the macrocyclic 
chelator 1 ,4,7, 1 0-tetraazacyclododecane-A r ,A r ',/V",7V"-tetra- 
acetic acid (DOT A). It forms very stable (thermodynami- 
cally and kinetically) metal complexes. The DOTA-coupled 
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TABLE 4 






Peptide Radioligands for In Vivo Targeting of Tumors Expressing Peptide Receptors 




Peptide receptor 


Radioligands in use in humans 


Radioligands in development 


Referen e 


Somatostatin 








sst2 


DTPAOC 


Carbohydrated derivatives and other biodistribution modifiers 


8,10,38,39,45 




DOTATOC 








DOTATATE 






sst2,5 


DOTA-lanreotide 




46 


sst2,3,5 




DOTANOC 


35,36 






nnTARnr 

UkJ I ADUO 








DOTANOCate 








DOTABOCate 




sst1 ,2,3,4,5 




KE108 and derivatives 


37 


Bombesin 








GRP-R 


Demobesin; RP527 




17,34 


NMB-R 


— 






BB 3 
CCK 


— 


— 




CCK 2 


Minigastrin; CCK analog 




9,14,47 


Neurotensin 








NT-1 




Neurotensin XI 


18 


NPY 








Y 2 




Ac-[Ahx 5 - 24 ,K 4 p 9m Tc(Co)3)-PADA]-NPY 


41 


GLP1 




Exendin-3 or -4 


42 


NK1 


DOTAGA-substance P 




31 



somatostatin-based radiopeptides are 90 Y-DOTA°-Tyr 3 -oct- 
reotide ( 90 Y-DOTATOC, 90 Y-SMT-48 7), 90 Y-DOTA-lan- 
reotide (MAURITIUS), and 177 Lu-DOTA-Tyr 3 -The 8 -oct- 
reotide ( 177 Lu-DOT AT ATE) . They differ with regard to the 
sst receptor subtype affinity profile (33). The DOTATATE 
derivative has the highest sst2 receptor affinity, whereas 
DOTA-lanreotide has lower affinity to sst2 but shows sst5 
affinity (33). 

CCK/Gastrin. As indicated previously, CCK2 receptors 
may be attractive targets for internal radiotherapy. The 
ligand used for the first clinical trial was a DTPA-d-G1u 
chelator-modified minigastrin (Fig. 4) labeled with 90 Y. 
Because of kidney and hemotoxicity, the trial was stopped 
(9). New gastrin-derived ligands with much lower kidney 
toxicity but excellent target affinity are being developed 
(14). In these, 4 glutamic acid residues have been deleted 
from the minigastrin derivative. This truncated radiopeptide 
showed an improved binding affinity to the CCK2-receptor 
(0.2 vs. 1 .0 nmol/L) and retained tumor uptake in the rat CA 
20948 tumor model but showed a kidney uptake that was 
lower by a factor of 25 (14). 

Substance P. Another peptide candidate used in PRRT 
for brain tumors is 90 Y-DOTAGA-substance P, shown in 
Figure 5. This tracer is given as brachytherapy intratumor- 
ally or into the tumor cavity (31). It is directed against the 
NK1 receptor, overexpressed in human glioblastoma (30). 
The peptide is metabolically unstable, and the efficacy of 
PRRT in glioblastoma (targeting the NK1 receptors) could 
probably be increased if radiopeptides resistant to proteases 
were introduced into the clinic. 

Bombesin. Two 99m Tc-based bombesin ligands with high 
affinity for GRP receptors are being used clinically. One is 



called demobesin, a tetraamine-derivatized bombesin antag- 
onist [D-Phe 6 ,Leu-NHEt 13 ,desMet 14 ] bombesin (6-14) (34). 
Preliminary results show good tumor delineation in prostate 
cancer patients. 

The other 99m Tc-based ligand is a N 3 S chelator coupled to 
bombesin (7-14) via a gly-5-aminovaleric acid spacer. It 
can be labeled with high specific activity and radiochemical 
yield and has been shown to identify breast and prostate 
primary cancer and metastases (17). This agent should also 
be suitable for labeling with 188 Re, the therapeutic congener 
of 99m Tc. 

NT. Little activity has been reported on the development 
of NT-based radioligands. Buchegger et al. (18) published a 
study of 4 patients using a metabolically stabilized (8-13) 
neurotensin analog, (NT-XI) modified with /V-carboxy- 
methyl-histidine for labeling with a Tc(CO) 3 + unit. Re- 
search is being pursued by this group using the carbonyl 
approach, with the therapeutic goal of labeling with the 
0-emitter 188 Re. 

Radioligands in Development 

Somatostatin. There are still potential improvements in 
the field of somatostatin receptor targeting. One step being 
pursued is the development of somatostatin-based radioli- 
gands with a broader receptor subtype affinity profile. This 
may not only extend the range of targeted cancer candidates 
but also increase the tumor uptake, because of the presence 
of several receptor subtypes on the same tumor cell. 

Several new compounds have been developed that show 
high affinity to sst2, 3, and 5 (35,36). These were modified 
at position 3 of the octapeptide. The best radiopeptides were 
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FIGURE 3. Chemical structures of DTPA- 
and DOTA-modified somatostatin-based 
peptides for targeted radiotherapy. (A) 
DTPA°-octreotide. (B) DOTA°-Tyr 3 -oct- 
reotide (DOTATOC). (C) DOTA°-Tyr 3 -Thr e - 
octreotide (DOTATATE). (D) DOTA°-2-Nal- 
Tyra-Thr-NHz^octreotidelDOTA-lanreotide). 



those with unnatural amino acids 1-naphtyl-alanine (1-Nal) higher potency than somatostatin-28 to all receptor subtypes 

and benzothienyl-alanine (BzThi). and can be radioiodinated, were published recently (37). 

Attempts are also being made to develop pansomatostatin This peptide was also modified by coupling DOTA to the 

radioligands. Data on the first peptide, KE 108, which has N-terminus (Fig. 6). It was still able to bind with high 




FIGURE 4. Structural formula of the CCK2-selective analog DTPA-D-Glu-Glu 5 -Ala-Tyr-Gly-Trp-Met-Asp-PheNH 2 (minigastrin). 
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FIGURE 5. Structural formula of 90 Y-DOTAGA-substance P. 



affinity to all 5 somatostatin receptor subtypes (Reubi and 
Macke, unpublished data). 

Another recent strategy has been to couple octreotide or 
octreotate derivatives to carbohydrates to improve tracer 
pharmacokinetics (38,39). 

Bombesin. A promising group of peptides was developed 
by Hoffman et al. (40) for targeted radiotherapy of GRP 
receptor-positive tumors. These are based on the bombesin 
(7-14) sequence and coupled to DOT A. via aminocarbox) 
alkyl spacer groups. These peptides were successfully la- 
beled with l77 Lu, 166 Ho, and other radiolanthanides. They 
are especially promising candidates for PRRT of prostate 
and breast cancer patients. 

NPY. A new radioligand was described by Langer et al. 
(41). This research group has used the Tc(CO) 3 + approach 
and developed a highly selective high-affinity Y 2 -receptor 
ligand Ac-[Ahx 5 - 24 ,K 4 ( 99ra Tc(CO) 3 -2-picolylamine N,N-d\- 
acetic acid) (PADA)]-NPY. This radioligand has about 1.5 
nmol/L Y 2 -affinity if complexed to cold Re(CO) 3 + . An- 



other NPY radioligand in development is the Y]/Y 2 - 
selective [K 4 ( Mt Re(CO) 3 -PADA, A 26 ]-NPY derivative, 
found to bind with 16 nmol/L affinity to Y! and 8.5 
nmol/L to Y 2 (41). 

GLP-1. GLP-1 is an intestinal hormone that stimulates 
insulin secretion. Its action is mediated by a receptor ex- 
pressed in islet cells. These receptors are massively over- 
expressed in insulinoma (75). Therefore, radiolabeled ver- 
sions of GLP-1 and its metabolically more stable congener 
exendin 3 or 4 have been developed and studied in mouse 
models. 11 'In was coupled to these peptides via DTPA- 
complexation, and 123 I labeling was performed via the 
IODO-GEN method (42). 

Conclusion. In general one may conclude that those pep- 
tides that will perform adequately in diagnostic imaging 
eventually will be coupled to DOTA and DOTAGA for 
labeling with the pi-emitters suitable for PRRT or with 
technology enabling 188 Re labeling. Research in this direc- 
tion is ongoing in academia and industry. 



FIGURE 6. Structural formula of KE 1 08 
(pan-somatostatin). 
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Synthesis and Biodistribution of 211 At-Labeled, Biotinylated, and 
Charge-Modified Poly-L-lysine: Evaluation for Use as an Effector 
Molecule in Pretargeted Intraperitoneal Tumor Therapy 
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Poly-L-lysine (7, 21, and 204 kDa) has been evaluated as an effector carrier for use in pretargeted 
intraperitoneal tumor therapy. For the synthesis, the e-amino groups on the poly-L-lysine were modified 
in three steps utilizing conjugate biotinylation with biotin amidocaproate A/-hydroxysuccinimide ester 
(BANHS), conjugate radiolabeling with 21I At using the intermediate reagent N-succinimidyl 3-(tri- 
methylstannyl)benzoate (m-MeATE), and charge modification using succinic anhydride, resulting in 
an increase in the molecular weight of approximately 80% of the final product. The labeling of the 
m-MeATE reagent and subsequent conjugation of the polymer were highly efficient with overall 
radiochemical yields in the range of 60-70%. The in vitro avidin binding ability of the modified polymer 
was almost complete (90—95%), as determined by binding to avidin beads using a convenient filter 
tube assay. Following intraperitoneal (ip) injection in athymic mice, the 13 kDa polymer product was 
cleared mainly via the kidneys with fast kinetics (biological half-live T b ^ 2 h) and with low whole- 
body retention. The clearance of the 38 kDa polymer was distributed between kidneys and liver, and 
the 363 kDa polymer was mainly sequestered by the liver with a T b of 8 h. Increased tissue uptake 
in the thyroid, lungs, stomach, and spleen following the distribution of the large effector molecules 
(38 and 363 kDa) suggests that degradation of the polymers by the liver may release some of the 
label as free astatine/astatide. 



INTRODUCTION 

Intraperitoneal tumors may arise from disseminated 
carcinomas, especially those originating from the ovaries. 
Generally, patients with ovarian cancer have advanced 
disease at the time of diagnosis (FIGO 1 stage IIB-IV) 
and, as a rule, tumor dissemination is restricted to the 
peritoneal surface. The standard treatment for ovarian 
cancer is surgery followed by chemotherapy. However, 
despite a high initial curative response, most tumors 
relapse and the 5-year survival is no higher than 30%. 
The residual and recurrent tumor cells respond weakly 
to further chemotherapy, and new, more effective forms 
of treatment are therefore urgently required. 

Endoradiotherapy using radiohalogenated monoclonal 
antibodies has been investigated in recent years in an 
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effort to improve the therapeutic effect of treatment of 
ovarian carcinomas (1,2). The halogen of main interest 
has been the /3-emitter 131 I, which has also been employed 
in clinical studies (3, 4, 5). Recently, 21 'At, the heaviest 
element in the halogen group, has been the focus of atten- 
tion for use in radioimmunotherapy (RIT) [6, 7). 211 At is 
a radionuclide-emitting a-particles (i.e. high-LET radia- 
tion) with a range of 50—80 ,wm in human tissue. As 
tumor spread in patients with ovarian cancer is primarily 
in the form of peritoneal micrometastases, 2U At may be 
a suitable choice of nuclide for adjuvant intraperitoneal 
radioimmunotherapy for this form of malignancy. 

Despite some promising clinical reports on RIT of 
ovarian cancer, the clinical application of radiolabeled 
antibodies has so far been limited, mainly because of the 
unfavorable in vivo distribution, resulting in low tumor 
uptake, low target-to-nontarget ratios, and slow clearance 
rates from normal tissues [8). 

Pretargeted radioimmunotherapy (PRIT) in which a 
tagged antibody is preadministered for tumor targeting, 
followed by administration of a labeled ligand (effector 
molecule) as a multistep delivery system, has been 
proposed to improve the pharmacokinetics of the label 
in vivo. For this purpose, avidin and biotin are the most 
commonly used intermediates because of their high- 
affinity binding characteristics (9, 10). It has been shown, 
utilizing various protocols based on the biotin— avidin 
system for PRIT that, due to a more favorable in vivo 
distribution of the labeled effector molecule, significantly 
improved tumor uptake and tumor-to-normal-tissue ra- 
tios could be achieved {11, 12, 13, 14). In most cases, the 
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effector molecule is a conjugate of a biotin and radionu- 
clide, which exhibits rapid in vivo clearance and low 
uptake in normal tissue {15, 16). 

In a few investigations, poly-L-lysine has been explored 
as a multicarrier of biotin and radionuclides for pretar- 
geted radioimmunotherapy {17, 18). The advantages of 
these polymer conjugates are that increased avidity for 
avidin and higher specific radioactivity may be achieved. 
Furthermore, the available molecular weight range of 
poly-L-lysine may allow increased control of the biodis- 
tribution compared with the mono-derivative of biotin. 

In this study, the synthesis and distribution of biotin- 
ylated, astatinated, and charge-modified poly-L-lysine, as 
a prospective effector molecule for use in pretargeted 
intraperitoneal tumor therapy, have been investigated. 
Three different average sizes of the polymer (7, 21, and 
204 kDa) were evaluated with respect to radiolysis after 
astatine exposure, in vitro biotin binding capacity to 
avidin, and in vivo biodistribution and biological half- 
life in nude mice. 



EXPERIMENTAL PROCEDURES 

Materials. Poly-L-lysine (7, 21, and 204 kDa), biotin- 
amidocaproate A/-hydroxysuccinimide ester, TV-bromsuc- 
cinimide (NBS), and A/-iodosuccinimide (NIS) were pur- 
chased from Sigma Chemical Co. Avidin (ImmunoPure 
Avidin), Avidin beads (ImmunoPure Immobilized Avidin 
Gel), 2- (— 4-hydroxyazobenzene) benzoic acid (HABA), and 
2,4,6-trinitrobenzenesulfonic acid (TNBSA) were obtained 
from Pierce Chemical Co. All other nonradioactive com- 
mercial chemicals and solvents used were of analytical 
grade or better. 

2n At was produced by the Z09 Bi(a,2n) 211 At reaction {19) 
on the Scanditronic MC32— NI cyclotron at the Cyclotron 
and PET Unit, Rigshospitalet, Copenhagen, Denmark. 
Na[ 125 I]I was obtained from NEN Life Science Products 
Inc. 

General. After irradiation, the target was immediately 
shipped to the Department of Radiation Physics, Gbte- 
borg, and the astatine was isolated from the target by 
dry-distillation, according to the method described previ- 
ously {19). The radioactivity was measured using an 
ionization chamber (Capintech CRC- 1 5) utilizing proper 
settings for 21 'At, cross-calibrated for the 70-90 keV 
21 >Po X-rays in a Nal(Tl) detector (Wizard Wallac 
y-well counter, Finland). The biological half-life of the 
astatinated polymers in athymic mice was determined 
by measurement of whole-body radioactive content 
using a NaI(Tl) scintillation detector (Harshaw Chemie 
B.V.) 

High performance liquid chromatography, HPLC, was 
conducted on a Waters 600/486 system with the Waters 
Baseline 820 analysis software. Reversed-phase chroma- 
tography was performed using a Kromasil C-18 (4.6 x 
250 mm) column (EKA-Nobel AB, Sweden), and size- 
exclusion analysis was carried out on a Superdex-200 
FPLC column (Amersham Pharmacia Biotech, Sweden). 
Preparative gel-permeability chromatography was con- 
ducted on disposable Sephadex G-25 PD-10 columns 
(Amersham Pharamacia Biotech, Sweden) . Mass spectral 
data were obtained by inductively coupled plasma ion 
source mass spectroscopy (ICP-MS). 

Labeling of 7V-Succinimidyl-3-(trimethylstannyl)- 
benzoate. The labeling of A/-succinimidyl-3-(trimethyl- 
stannyl)benzoate, m-MeATE, was performed using the 
procedure previously reported {20). Briefly, to a 1.3-mL 
reaction vial containing 20—30 MBq 2u At as dry residue 



were added 0.5 nmol of Af-iodosuccinimide and 1.0 nmol 
of m-MeATE in 1% acetic acid/methanol. The m-MeATE 
was reacted with the halogen for 15 min during gentle 
agitation at room temperature. The reaction was stopped 
by the addition of 50 nmol of Na 2 S 2 0 5 . Iodination of the 
precursor was accomplished in essentially the same way 
as the astatination, except that Af-bromosuccinimide 
(NBS) was used as the oxidizing agent. 

The labeling efficiency was determined by running an 
aliquot of the reaction mixture on a reversed-phase C-18 
column, isocratically eluted with acetonitrile/2 mM phos- 
phoric acid 60:40 as the mobile phase. The product, 
A/-succinimidyl-3-[ 211 At]astatobenzoate (NS[ 211 At]AtB) or 
A/-succinimidyl-3-[ 125 I]iodobenzoate (NS[ 125 I]IB), was used 
immediately, unpurified for conjugation to the biotin- 
ylated polymer. 

Modification of Poly-L-lysine. Biotinylation. Biotin- 
amidocaproate AZ-hydroxysuccinimide ester (BANHS) 
was dissolved in dimethylformamide (DMF) to a concen- 
tration of 5— 10 mg/mL. To poly-L-lysine in 0.2 M carbon- 
ate buffer pH 8.5 was added a 10— 20-fold molar excess 
of the biotinylation reagent during vigorous agitation, 
and the reaction was allowed to proceed for 1 h during 
gentle agitation at room temperature. Further chemistry 
was conducted on the crude biotinylated product. 

Conjugate Labeling. Prior to conjugate labeling of the 
biotinylated polymer, NIS in the labeling mixture was 
promptly reduced by the addition of 50 nmol of sodium 
metabisulfite, and the organic fraction of the solvent was 
evaporated under a gentle stream of nitrogen. To the 
labeling mixture was added 200 pig of the crude biotin- 
ylated poly-L-lysine to give a final volume of 50 fiL, and 
conjugate labeling was allowed to proceed for 10 min 
during gentle agitation at room temperature. 

Succinylation. The biotinylated and labeled polymer 
was finally reacted with succinic anhydride, in excess 
over available amines, to convert the remaining unsub- 
stituted amino groups to carboxylic residues. Following 
conjugate labeling, solid succinic anhydride, in the form 
of flakes, was added to the reaction mixture. The pH was 
adjusted with 1 M carbonate buffer, pH 8.5, during the 
reaction in order to maintain the amino residues unpro- 
tonated. After 10 min reaction time, the polymer fraction 
was isolated by passage over a G-25 PD-10 column 
(Pharmacia, Sweden). 

The final product was analyzed with respect to un- 
bound radioactivity by methanol precipitation according 
to the method of Reist et al. {21), and the size by gel- 
filtration chromatography. The biotinylation efficiency 
was calculated using the HABA dye method {22), and 
degree of succinylation was determined using the TNBSA 
spectrophotometric method {23) . The average molecular 
weights of the modified polylysines were estimated to be 
13, 38, and 363 kDa. 

Radiolysis of Poly-L-lysine after 211 At Exposure. 
To investigate radiolysis effects during labeling, non- 
modified poly-L-lysine (204 kDa) was exposed to increas- 
ing activities, i.e., absorbed doses, of 211 At. Astatine, in 
chloroform, was added to Eppendorf tubes in a single 
point series, and the solvent was evaporated. The activi- 
ties of the dry astatine residues were 0.80, 1.38, 4.85, 
and 11.7 MBq. A constant amount of poly-L-lysine (50 
fiL, 2 mg/mL) in 0.2 M carbonate buffer, pH 8.5, was then 
added to each tube. 

The astatine was allowed to decay during agitation at 
4 X for 120 h (16.7 half-lives), resulting in absorbed 
doses to the volume of 0.66, 1.1, 4.0, and 9.5 kGy, as 
determined using basic dosimetry calculations derived 
from the following equations: 
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Number of 211 At decays (A/): 

N= -j- (1 - e~ Xt ) for complete decay N= -j- 

where A 0 is the total radioactivity measured at the start 
of exposure, X is the decay constant, and t is the total 



E abs NEJ1.6 x 10" 13 ) 
D = — « (Gy) 

^(volume) ^(volume) 

where Ea bs is the absorbed energy in the reaction volume 
(MeV), Ea « 6.8 MeV is the mean alpha particle energy 
(24), and m vo i ume is the mass of the solution (kg). 

After radiation exposure, the polymer was labeled with 
125 I according to the m-MeATE method and charge 
modified with succinic anhydride as described above. The 
effect of the radiation, i.e., fragmentation, was analyzed 
and compared with nonexposed, iodine-labeled, succin- 
ylated polymer by size-exclusion chromatography on a 
Superdex-200 column. 

In Vitro Binding of Modified Polylysine. The 
biological function of the biotin moiety on the modified 
polylysine was examined by binding to avidin beads. Fifty 
microliters of the avidin bead slurry was transferred to 
Costar spin-x, 45 fim, filter tubes (Corning Inc., NY). An 
aliquot of the modified polymer (25 ng) was added, and 
the volume was adjusted to 1 50 with PBS. The effector 
molecule was reacted with the beads for 30 min at room 
temperature during agitation. The beads were then 
washed three times with PBS, and bound radioactivity 
was measured in a y-well counter. 

Nonspecific binding to avidin was determined by 
incubating nonbiotinylated, labeled polylysine with the 
beads, and nonspecific binding to the filter tubes was 
determined by incubation with the modified polymer in 
tubes not containing avidin beads. 

Animal Experiments. The tissue distribution and 
whole-body retention of the 13, 38, and 363 kDa polymers 
were evaluated in female athymic mice (Balb/C nu/nu), 
6—8 weeks of age. Following ip administration of the 
effector molecule (550-800 kBq in 500 of PBS) mice 
were sacrificed by cervical dislocation at 1, 3, 6, 18, and 
24 h postinjection, in groups of four animals per point in 
time. Whole blood was collected by cardiac puncture 
immediately after the animals had been killed, and 
tissues including neck, lungs, stomach, liver, small 
intestine, large intestine, kidneys, spleen, intraperitoneal 
fat, and muscle were excised and washed in saline. The 
tissues were blotted dry and accurately weighed, and the 
radioactivity was measured in a y-well counter. All tissue 
data were corrected for radioactive decay and expressed 
as the percent of injected radioactivity per gram of organ 
(%ID/g), except for the neck, where it was expressed as 
the percent of injected activity (%ID). 

The biological half-life of the modified polymers was 
evaluated by following the whole-body radioactive reten- 
tion in groups of 5 mice for 24, hours measured with a 
sodium iodide detector. 

RESULTS 

The radioactivity of the irradiated target was in the 
range of 200 to 300 MBq 2u At upon arrival in Goteborg. 
Isolation of 2u At was conducted by dry-distillation of the 
target material, and recovery yields of 70-80% of the 
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Figure 1. Generalized structural formula for (1) poly-L-lysine, 
(2) Af-succinimidyl 3-[ 211 At]astatobenzoate (NS[ 21l At]AtB), (3) 
biotinamidocaproate AAhydroxysuccinimide (BANHS), (4) suc- 
cinic anhydride, (5) modified poly-L-lysine ( z "At-PL S u C -B). 

initial zll At activity were routinely obtained within a 20- 
min preparation time. Aliquots of the recovered astatine 
were immediately used for conjugate labeling via the 
e-amino groups on poly-L-lysine, utilizing the intermedi- 
ate labeling reagent m-MeATE. Radiohalogenation of the 
m-MeATE resulted in labeling yields of 85-95% for both 
the NS[ 125 I]IB and the NS[ 211 At]AtB product. Prior to the 
conjugate astatine labeling, the poly-L-lysine was biotin- 
ylated using biotin amidocaproate AAhydroxysuccinimide 
(BANHS) with an efficiency of 73-85% as determined 
by the HABA method (22). To avoid workup losses of 
radioactivity in ensuing conjugations, labeling and charge 
modification of the biotinylated polylysine were conducted 
in a single pot without purification of the labeling 
mixture. After conjugate labeling the poly-L-lysine was 
subjected to charge modification by complete conversion 
of the remaining unsubstituted primary amines to car- 
boxylic residues using succinic anhydride. Because of the 
reaction conditions, the molecular weight of the final 
product was increased by approximately 80% since the 
modification by means of the number of substitutents per 
polymer were in the order 21 'At « biotin « succinic acid. 
However, charge modification is essential, as it decreases 
nonspecific adsorption both in vitro and in vivo. General- 
ized structural formulas of the reacting species and the 
final product are shown in Figure 1 . 

Good conjugation yields of 70 ± 5% were achieved in 
the coupling of NS[ 211 At] AtB to polylysine, corresponding 
to a mean radiochemical yield of 63 ± 4%. Since the 
labeling procedure involved an excess of the m-MeATE 
reagent over astatine and the labeling reaction mixture 
is used in unpurified form for conjugation to the poly- 
lysine, the precursor may also be present (i.e. conjugate 
coupled) in the final product. Organic tin, the Sn(CH 3 ) 3 
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Figure 2. Size-exclusion analysis of poly-L-lysi 
the 125 I-labeled and succinylated derivative. 



Time (min) 

e (204 kDa) exposed to 0.656-9.53 kGy of zu At. Determination w 



;ll At-PL suc -B (363 kDa) 



18 h 



stomach 
small intestine 
large intestine 
kidney 
spleen 
ipfat 



2.02 ± 0.63 
0.09 ± 0.05 
2.72 ±0.50 
5.45 ±0.71 
3.36 ± 1.19 
0.92 ±0.19 
1.05 ±0.48 
3.00 ± 0.73 
6.23 ± 0.38 
3.07 ± 1.54 
1.18 ±0.52 



0.59 ±0.18 
7.48 ± 1.53 
3.58 ± 0.73 
8.69 ± 1.80 
2.50 ±0.81 
2.01 ±0.43 
3.75 ±0.73 



1.21 ± 0.13 
1.10 ±0.32 
6.46 ± 0.38 
1.18 ± 0.32 
9.90 ± 2.67 
1.98 ±0.50 
1.81 ±0.37 
2.67 ± 0.30 
4.71 ± 0.93 



0.49 ± 0.10 
0.92 ±0.19 
2.32 ±0.47 
0.36 ± 0.09 
4.76 ± 1.30 
0.68 ± 0.23 
0.75 ± 0.20 
1.17 ± 0.27 
1.02 ±0.50 
0.51 ±0.07 
0.15 ±0.03 



0.34 ±0.17 
0.85 ±0.53 
1.65 ±0.62 
0.25 ±0.10 
3.88 ± 1.48 
0.56 ±0.31 
0.61 ±0.22 
0.86 ± 0.40 
0.64 ±0.37 
0.52 ±0.22 
0.14 ±0.03 



group, may be toxic if released in vivo, and the modified 
polymers were therefore subjected to ICP-MS analysis. 
Only <10 pg tin, corresponding to <0.0003% of in put 
amount of the m-MeATE precursor was detected in the 
spectra. This is probably due to differences in solubility 
of the precursor and the labeled reagent in the conjuga- 
tion buffer. 

The radiochemical purity of the products was always 
greater than 95%, as determined by methanol precipita- 
tion and by size-exclusion analysis. However, when 
subjecting the polymer to astatine activities that resulted 
in a high absorbed dose to the reaction volume, radiolysis 
effects, i.e., fragmentation, of the polylysine, occurred. 
As can be seen in Figure 2, the polymer is gradually 
decomposed when exposed to absorbed doses above 660 
Gy, with an initially high degree of large fragments at 
1100 Gy and increasingly smaller fragments at higher 
exposures. 

The biotin binding ability of the modified polymer 
product was examined by means of its reaction with 
avidin beads using a fast, convenient filter tube assay. 
Almost complete biotin binding (90-95%) to the beads 
was achieved with low, nonspecific binding to the tubes. 
Even when labeling at high absorbed doses, in the range 
where fragmentation occurred, the degree of biotin bind- 



ing was high. Low nonspecific binding to avidin beads 
was demonstrated by subjecting the beads to nonbioti- 
nylated labeled polylysine. 

The tissue distribution and whole-body retention of the 
13, 38, and 363 kDa molecular weight effector molecules 
were evaluated in nude mice following intraperitoneal 
administration. The tissue distribution data for the 
polymers from one to 24 h are summarized in Tables 1—3. 
As can be seen, the distributions of the 38 and 363 kDa 
effector molecule show uptake in stomach (14.74 and 
9.90% ID/g), lungs (6.74 and 7.48% ID/g), and spleen (7.64 
and (9.48% ID/g) reaching a maximum at 1-3 h and 3-6 
h postinjection. The radioactivity was thereafter slowly 
cleared from the tissues. The thyroid, known to ac- 
cumulate astatide (25), shows increasing uptake at 3 to 
6 h (0.65 and 1.1% ID) with a slight decrease over the 
remaining time of observation. Note that the thyroid 
was not dissected from the neck, and the results are 
therefore expressed as the percent of injected dose (% ID). 
All other organs show low uptake including the blood, 
which exhibited a maximum uptake of (2.48% ID/g) at 
3 h. 

Compared with the larger polymers, the tissue distri- 
bution of the 13 kDa effector molecule shows lower 
uptake in all tissues except for the kidneys, 1 h postin- 
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d Charge-Modified Poly-L-lysine (38 kDa average 









211 At-PL suc -B (38 kDa) 
















blood 


3.00 ± 0.88 


1.37 ±0.22 


0.83 ± 0.12 


0.29 ± 0.06 


0.31 ±0.04 


neck* 


0.21 ±0.04 


0.64 ± 0.09 


0.62 ± 0.12 


0.50 ± 0.20 


0.41 ±0.07 


lung 




6.74 ± 1.39 


4.67 ± 0.74 


1.65 ± 0.31 


1.69 ± 0.23 




3.48 ± 0.47 


1.47 ±0.17 


0.88 ± 0.15 


0.25 ± 0.05 


0.27 ± 0.03 


stomach 


5.93 ±2.16 


14.74 ± 2.45 


8.64 ± 3.90 


2.48 ± 0.59 


3.34.± 1.22 




1.93 ±0.49 


1.76 ±0.14 


1.16 ±0.24 


0.53 ± 0.17 


0.77 ±0.14 


large intestine 


2.00 ± 0.20 


1.74 ±0.20 


1.11 ± 0.10 


0.40 ±0.08 


0.67 ±0.12 




14.67 ± 1.58 


3.89 ± 0.52 


2.32 ± 0.40 


0.95 ± 0.31 


0.85 ± 0.07 




7.64 ± 1.19 


7.37 ± 1.65 


4.28 ± 1.28 


0.93 ± 0.33 


0.64 ±0.11 




4.99 ± 0.59 


3.20 ±0.42 


1.91 ± 0.30 


0.45 ± 0.06 


0.61 ±0.32 


muscle 


2.22 ±0.65 


0.41 ±0.08 


0.26 ± 0.04 


0.11 ±0.03 


0.14 ±0.01 


3 Results are given as r 


nean ± standard deviation of the percent 


of injected dose per gram tissue (%ID/g); n = fo 


ur animals per t 



point. * Results are expressed as the percent of injected dose (%ID). 

Table 3. Tissue Distribution of 211 At-Labeled, Biotinylated, and Charge-Modified Poly-L-lysin< 
molecular weight) in Athymic Mice 3 









'At-PLs U c-B (13 kDa) 




In* 


3h 


6h 


18h 


24 h 


blood 


3.15 ±0.95 


0.81 ±0.09 


0.51 ± 0.10 


0.21 ± 0.04 


0.15 ±0.04 


neck c 


0.36 ±0.37 


0.25 ± 0.07 


0.28 ± 0.12 


0.16 ±0.06 


0.16 ±0.07 


lung 


5.36 ±0.78 


4.53 ±0.38 


3.26 ± 0.67 


1.23 ±0.16 


0.93 ±0.19 




1.37 ± 0.19 


0.76 ± 0.05 


0.55 ± 0.11 


0.18 ±0.03 


0.16 ±0.03 


stomach 


3.71 ±0.53 


5.55 ± 1.55 


3.90 ± 1.02 


1.68 ±0.21 


1.85 ± 0.39 


small intestine 


1.37 ± 0.24 


1.15 ± 0.31 


0.77 ±0.18 


0.35 ± 0.09 


0.40 ± 0.32 


large intestine 


2.05 ±0.41 


1.19 ±0.09 


0.83 ±0.12 


0.32 ± 0.06 


0.27 ± 0.03 




18.53 ± 1.26 


2.31 ± 0.23 


1.36 ±0.25 


0.54 ±0.11 


0.38 ± 0.04 


4.85 ± 1.11 


3.58 ± 0.50 


2.58 ± 0.59 


0.51 ±0.06 


0.62 ± 0.40 


ipfat 


4.10 ±2.40 


0.88 ± 0.08 


0.65 ±0.15 


0.22 ± 0.05 


0.19 ± 0.05 


muscle 


0.72 ±0.15 


0.41 ±0.04 


0.27 ± 0.06 


0.17 ±0.09 


0.13 ±0.06 



a Results are given as mean ± standard deviation of the percent of injected dose per gram tissue (%ID/g); n = four animals per time 
point. * n = Three animals. c Results are expressed as the percent of injected dose (%ID). 




Time after injection (h) 

Figure 3. The whole-body retention of the 13, 38, and 363 kDa effector molecule in nude mice, following intraperitoneal 
administration. Results are given as mean ± SEM for four animals per time point. 



jection, which may be due to the rapid clearance mainly 
through the kidneys. The whole-body retention of the 
astatinated polymers is presented in Figure 3. The 
results show that whole-body clearance is fast, with 



biological half-lives of 2 and 8 h for the low- and high- 
molecular-weight effector molecules, respectively. This 
is also reflected in the low tissue content at the later 
points in time. 



Poly-L-lysine as an Effector Carrier of Biotin and Astatine-211 
DISCUSSION 

Since the development of the hybridoma technology 
(26) monoclonal antibodies have been used for a variety 
of applications. Using this method it is possible to 
produce monoclonal antibodies specific to virtually any 
molecule of interest. In vivo, one of the challenges has 
been to develop a novel radioimmunopharmaceutical for 
tumor imaging and therapy. However, due to the size and 
passive distribution processes of in vivo administered 
antibodies, only a small fraction of the injected activity 
will bind to tumor cells. The remaining non-tumor-bound 
antibody is evenly distributed and slowly cleared from 
the body, causing undesirable background and elevated 
dose to normal tissue. To circumvent the unfavorable 
distribution of labeled antibodies, pretargeting strategies 
utilizing the high-affinity binding characteristics between 
biotin and avidin as intermediates for multistep admin- 
istration, have been proposed by several investigators (12, 
13, 14). Various biotin derivatives have been developed 
for cross-linking and for labeling with radionuclides to 
provide effector molecules for pretargeting. 

The aim of this study was to produce biotin-polylysine- 
based effector molecules for use in pretargeted ovarian 
tumor therapy. Ovarian tumors disseminate primarily 
to the peritoneal surface as microtumors, and therefore 
a suitable choice of nuclide may be the a-emitter 21 'At. 
Following the decay, the a-particles deposit a consider- 
able amount of energy in a micro-volume, and calcula- 
tions have shown that only a few astatine decays per cell 
are required to cause lethal radiation damage (27). 
Previous experiments by our research group have also 
demonstrated the high cell-killing effect of astatine in 
vitro (28) and in vivo (7) when subjecting ovarian cancer 
cells and microtumors to the astatine-labeled ovarian- 
tumor-specific monoclonal antibody MOvl8. On the basis 
of the encouraging results of those studies, improvement 
in the pharmacokinetics to minimize the irradiation of 
normal tissue was suggested, employing a pretargeting 
strategy that involves polylysine as an effector carrier. 
Poly-L-lysine was used since each molecule, depending 
on the polymerization degree, contains a number of 
e-amino groups that can readily be derivatized with 
different A/-acylation reagents, thus allowing bifunctional 
conjugate modification. Apart from this facile chemistry, 
polylysine can be obtained as mono-amino acid- or 
copolymers of different molecular weights, which may 
permit increased control of the biodistribution of the 
effector molecule. 

Applications utilizing polylysine as carriers for nuclides 
have previously been proposed, such as a polychelating 
agent for high-specific-activity metal-nuclide binding of 
antibodies, for use in single-photon emission computed 
tomography (SPECT) and magnetic resonance tomogra- 
phy, and for therapy (29). The application of polylysine 
as an effector carrier for use in PRIT has also been 
reported (17, 18). 

In this study, polylysine (7, 21, and 204 kDa) was 
modified by conjugate coattachment of the biotin reagent 
(BANHS), the astatine-labeled reagent NS[ 211 At]AtB, and 
succinic anhydride in a simple three-step procedure. The 
product could easily be obtained, with the reaction 
conditions employed, 211 At activities of 10-20 MBq (100 
kBq/,ug), in a short preparation time, and preliminary 
experiments suggest that the procedure can be scaled up 
to higher astatine activities, e.g. for clinical applications. 
However, it should be noted that the polylysine is 
sensitive to radiolysis from the astatine decay in the 
reaction volume. The molecule can be subjected to an 
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absorbed dose of about 700 Gy without any apparent 
damage, as determined by size-exclusion chromatography 
analysis. Increasing the dose above this level resulted 
in gradual fragmentation with random molecular break- 
down at 700—1000 Gy and almost complete decomposi- 
tion at higher doses (4000-10000 Gy). This is in good 
agreement with the observations of Larsen and Bruland 
who studied a-particle-induced radiolysis effects on an- 
tibodies and found that an absorbed dose of 1000 Gy 
could be tolerated with no or minor affects on the 
immunoreactivity (30). 

The only biologically active part of the effector molecule 
is the biotin moiety which, surprisingly, was not affected 
to any high extent by the radiation dose, as determined 
by binding the effector molecule exposed to a high- 
absorbed dose to avidin beads. We suggest that the 
radiation resistance is dependent on the size of the 
molecule, implying that biotin could withstand much 
higher absorbed doses than the polymers. In this study, 
biotin substitution was performed with a 10-20-fold 
excess of reagent over polymer to ensure uniform attach- 
ment on a molar basis, which resulted in approximately 
8-16 biotin molecules per polymer. Uniform biotinyla- 
tation of the low specific radioactive product was con- 
firmed by high binding efficiency to avidin beads. A very 
high degree of biotin attachment to the polymer is 
possible, with ultimately complete biotinylation, except 
for the label, which would give a tremendous increase in 
avidity for avidin. However, most of the biotin derivatives 
commercially available have limited aqueous solubility, 
and this may affect the labeling chemistry and the 
solubility of the final product (31). Moreover, problems 
associated with cleavage of the biotin nuclide or carrier 
bond in vivo due to systemic biotinidase activity when 
utilizing the commercially available reagents have been 
reported (32, 33). To circumvent these problems Foulon 
et al. have developed new biotin compounds for labeling 
with radiohalogens, e.g. 211 At and iodine isotopes, which 
are resistant to biotinidase activity (16). Several new 
biotin derivatives for conjugate labeling have also been 
explored by Wilbur et al. with regard to solubility and 
avidin binding characteristics, as well as biotinidase 
resistance to identify the derivative with the best proper- 
ties for in vivo applications (31, 34) . 

The effector molecules studied in the present work 
were evaluated regarding the tissue distribution follow- 
ing ip injection in nude mice during 24 h postadminis- 
tration. Significant differences in tissue uptake between 
the 13 kDa and the larger polymers were seen, which 
are related to different clearance routes. All molecules 
enter the circulation from the peritoneal cavity, and their 
sizes predetermine that the 13 kDa polymer is cleared 
mainly via the kidneys, the 38 kDa polymer through liver 
and kidneys and the 363 kDa polymer is sequestered 
primarely by the liver. Compared with the 13 kDa 
polymer, a higher uptake of the 38 and 363 kDa polymers 
was observed in the thyroid gland, stomach, lungs, and 
spleen, which may reflect the release of astatine/astatide 
after degradation in the liver. This might be a limiting 
factor for prospective clinical use, but the astatine/ 
astatide uptake may be decreased by the use of blocking 
agents, as proposed by Larsen et al., thus limiting the 
absorbed dose to these tissues (35). The normal tissue 
at greatest risk is the bone marrow but, because the 
residence time of the three effector molecules in the 
circulation following intraperitoneal administration is 
short, and provided that there are no active uptake 
mechanisms, the dose to the bone marrow is likely to be 
limited. Compared with astatinated IgG antibodies, the 
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radioactive content in the blood is of the order of at least 
10 times less for the large polymers and a factor of 20 
less for the small polymer {36). Therefore, increased 
absorbed dose to tumor tissue might be achieved in PRIT 
utilizing polylysine as the effector carrier as higher 
activities of the astatinated effector molecule can be 
administered without increasing the radiotoxic effects on 
normal tissues, i.e., the bone marrow. 

In summary, the preparation, in vitro avidin binding 
characteristics and biodistribution of biotinylated, asta- 
tinated, and charged modified poly-L-lysine of different 
molecular weights for prospective use as an effector 
molecule in pretargeted intraperitoneal tumor therapy 
were investigated. Following ip administration, the three 
modified polymers studied showed low whole-body reten- 
tion with clearance routes determined by the size of the 
molecules. Somewhat higher uptakes of radioactivity in 
normal tissues were observed for the high-molecular- 
weight effector molecules, suggesting that for clinical 
applications a low-molecular-weight poly-L-lysine should 
be used for derivatization. However, application using a 
complete pretargeted intraperitoneal tumor model may 
contribute to lowering normal tissue uptake due to 
reduced escape of the effector molecule from the perito- 
neal cavity by binding to its mAb-avidin conjugate at 
the tumor target. Therefore, further investigations will 
be focused on more homogeneous preparations of both 
high- and low-molecular-weight poly-L-lysine for the 
modification, new biotinidase-resistant water-soluble 
derivatives and scale-up of the labeling procedure to meet 
the requirements for patient studies. 
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Peptide epitopes for tumor-reactive cytotoxic T-lympho- 
cytes (CTL) have been identified on human cancers and are 
being used in tumor vaccine trials. However, the pharmacoki- 
netics and pharmacodynamics of such peptides have been 
inadequately studied. It is predicted that immunogenic tu- 
mor peptides would have short half-lives in vivo. The goal of 
the present work was to evaluate the stability of the immuno- 
genic peptide MART-I 27 _ 35 in fresh normal human plasma 
(NHP) and to identify modifications that convey protection 
against enzymatic destruction without loss of immunogenic- 
ity. We evaluated the stability of the MART-I„_ 35 peptide 
(AAGIGILTV) and modified forms of that peptide for stability 
and immune recognition in an In vitro model. The peptides 
were incubated in plasma for varied time intervals and 
evaluated for their ability to reconstitute the epitope for 
MART-l 27 _ 3s -reactive CTL. Loss of CTL reactivity signaled 
loss of immunoreactive peptide. When I u.M MART-I 27 _ 35 
peptide was incubated in plasma prior to pulsing on target 
cells, CTL reactivity was lost within 3 hr, and the calculated 
half-life of this peptide was 22 sec. This degradation was 
mediated by peptidases. The stability of MART-I 27 _ 35 was 
markedly prolonged by C-terminal amidation and/or N- 
terminal acetylation (peptide capping), or by polyethylene- 
glycol modification (PEGylation) of the C-terminus. These 
modified peptides were recognized by CTL. The MART- 1 27 _ 3S 
peptide is very unstable in plasma. It is probable that it and 
other immunogenic peptides will be similarly unstable in vivo. 
Immunogenicity of these peptides might be enhanced by 
creating modifications that enhance stability, int. j. Cancer 83: 
326-334,1999. 
© 1999 Wiley-Liss, Inc. 

In the United States in 1997, there were approximately 7,500 
deaths due to metastatic melanoma. The impact of conventional 
systemic therapy for metastatic melanoma is minimal, with best 
response rates for conventional therapy nearing only 30% and cure 
rates well below 10%. The identification of MHC-associated 
peptides that function as epitopes for melanoma-reactive CTL has 
led to hope that peptide-based vaccines would be effective therapy 
for melanoma (Cox et al, 1994). Although there have been 
indications of some protective immune responses against mela- 
noma induced by peptide-based vaccinations, the overall anti- 
tumor responses have not been optimized (Jaeger et al, 1996). The 
presentation of immunogenic peptide by professional antigen 
presenting cells (APC), such as dendritic cells (DCs), is thought to 
be crucial for the induction of an anti-tumor immune response by 
peptides in vivo (Nair et al, 1997). Thus, for a peptide-based 
vaccination to be effective, it is reasoned that 4 sequential events 
must take place after the peptides are injected into the skin or s.c. 
tissue of a melanoma patient. Firstly, professional APCs must 
migrate to the vaccination site. Secondly, the peptide must bind to a 
Class I MHC molecule on the APC; thirdly, this peptide-MHC 
complex on the APC must induce a CD8 + T-cell response; and 
fourthly, this T-cell response must confer a clinically significant 
anti-tumor effect. Failure in one of these events may compromise 
effective immunization. However, the intradermal events have not 
been well studied, and there has been little direct evaluation of the 
fate of immunizing peptides once injected into the skin and s.c. 
tissues of melanoma patients. 



Therefore, it appears critical for the success of peptide-based 
melanoma vaccines to understand the effects of the environment 
into which the immunogenic peptides are being injected. The skin 
is an enzymatically active organ, and specific endo- and exopepti- 
dases have been isolated from the dermis and epidermis (Boderke 
et al, 1997). Therefore, in vaccinations that utilize subcutaneous 
injections, peptides may be degraded by skin peptidases prior to 
effecting a significant immunologic response. The stability of 
immunogenic peptides may well be critical to the clinical effective- 
ness of melanoma peptide vaccines administered intradermally, 
however, the stability of these peptides has been inadequately 
studied to date. 

When biologically active peptides are used clinically in their 
natural form, their biologic effects are often rapidly lost in vivo due 
to rapid elimination of the active form of the peptide (Lee, 1988). 
Naturally occurring peptides such as somatostatin and vasopressin 
have short half-lives in vivo, so their use as therapeutic reagents has 
required synthesis of modified forms with longer half-lives, such as 
octreotide and dDAVP (Lee, 1988). Use of immunogenic peptides 
in their native form is rational in the attempt to stimulate a specific 
CD8 + T-cell response against peptides naturally presented on the 
surface of melanoma cells in association with the Class-I MHC 
molecules. However, if these peptides are degraded before loading 
onto APCs, then they are not likely to function well as immuno- 
gens. Furthermore, there is increasing concern that the dose of 
peptide, whether free or pulsed onto DCs, may be critically 
important for the induction of high-affinity tumor-specific T-cells. 
If peptides used in tumor vaccines are rapidly degraded in the 
dermis and s.c. tissue, then the effective peptide dose may not be 
predictable from the administered dose. 

Therefore, the stability of the immunogenic peptides used for 
vaccination in the intradermal environment may well impact the 
immunogenic potential of a peptide-based vaccine. In vitro, 
serum-based assays have permitted estimation of the half-lives of 
some short peptides to be between 5 min and 2 hr (Powell et al, 
1992). The time required for DCs to initiate a migratory response 
toward an inflammatory signal has been estimated to be 1.5-2 hr, 
and maximal numbers of DCs are reached after about 24 hr to 
several days (Weiss et al, 1997). Thus, it is critical to define the 
stability of melanoma peptides being used in melanoma vaccines. 
If their half-lives in vivo are substantially shorter than the time 
required for dendritic cells to migrate to the immunization site, then 
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vaccines using them in unmodified form may not stimulate 
effective immune responses. 

If peptides that function as epitopes for melanoma-reactive CTL 
are rapidly degraded in vivo, it may be useful to increase their 
stability with conservative modifications. A risk with any modifica- 
tion of these peptides is that it may decrease affinity for the MHC or 
for the T-cell receptor (TcR). Modifications of individual amino 
acids have been reported to have marked effects on both affinities 
(Parkhurst et al, 1996). There is evidence that the proteolytic 
degradation of some short peptides may be markedly inhibited by a 
number of modifications of the N- and C-terminal residues (Powell 
et al, 1993). Presumably, this is effective at blocking exopeptidase 
activity. While this approach has been effective for non-MHC- 
associated peptides with biologic activity (Marbach et al, 1993) 
and even with peptides that bind to Class II MHC molecules 
(Maillere et al, 1995), the effects of such modifications have not 
been investigated for peptides associated with Class I MHC 
molecules. The stringency of the Class I MHC-peptide interactions 
is so high that small modifications may have marked effects on 
biologic activity. If a modified form of a Class I MHC-associated 
melanoma peptide is more stable than the naturally occurring 
peptide and is still able to stimulate a specific T-cell response, then 
its use in vaccination may lead to increased clinical effectiveness. 

It would be desirable to be able to measure the peptide stability 
and T-cell responses in vivo directly after injection into the s.c. 
tissue of melanoma patients, however, accurate technical methods 
for such analysis do not exist. It is generally accepted that in vitro 
models utilizing different biologic media, including human serum 
or plasma, and a method for detecting intact peptide are useful for 
the identification of stable, biologically active peptide homologues 
for use in the clinical setting (Maillere et al, 1995; Powell et al, 
1992). In other systems, increased peptide stability in serum-based 
in vitro models correlates well with increased peptide stability in 
the in vivo setting (Powell et al, 1993). Although the entire array of 
enzymes located in human serum and skin have not been fully 
characterized, the rationale for using fresh human serum to model 
the biologically active environment of the skin is that both are rich 
in endo- and exopeptidascs (Lee, 1988). Therefore, if a peptide is 
stable in human plasma, there is reasonable basis for believing that 
it may similarly be protected from degradation by skin peptidases. 

We have developed an in vitro assay method that utilizes fresh, 
non-heat-inactivated NHP as a biologically active medium and 
have used melanoma-reactive CTL for detection of intact peptide. 
Thus, our assay system includes a measure that depends both on 
peptide binding to the Class I MHC and on T-cell receptor 
recognition. We have focused on the MART- 1 27 -35 peptide (AAGIG- 
ILTV) as a melanoma peptide commonly used in vaccinations 
(Kawakami et al, 1994). We hypothesized that this peptide is 
unstable in human plasma and that modifications may protect it 
from degradation without significantly decreasing immune recogni- 
tion. 



MATERIAL AND METHODS 

Tumors 

The melanomas VMM5 and DM6 are cultured cell lines that 
express the HLA-A*0201 molecule. T2 is an HLA-A*0201 + 
human T-cell/B-cell fusion with a TAP-dependent, antigen- 
processing defect provided by Dr. P. Cresswell (Henderson et al, 
1992). Each is maintained with RPMI 1640 media (GIBCO, Grand 
Island, NY) supplemented with 10% fetal calf serum (FCS, Sigma, 
St. Louis, MO), glutamine and antibiotics (RPMI). 

CTL lines 

The VMM5 CTL line is a well-characterized line reactive to 
multiple shared melanoma peptide epitopes associated with HLA- 
A*0201 + , including the MART-1 27 _35 peptide and the gpl00 2g0 _ 288 
(YLEPGPVTA) peptide (Cox et al, 1994, and data not shown). 
These CTL were developed from lymphocytes of the melanoma 
patient VMM5, using described methods (Cox et al, 1994). 
Briefly, the CTL lines were developed by in vitro stimulations first 
with autologous irradiated tumor every 10-14 days. After 30 days 
of in vitro culture, irradiated allogeneic DM6 melanoma cells 
expressing shared antigens were used for subsequent restimulations 
to select for reactivity against shared HLA-A*0201-associated 
peptide epitopes. CTL lines were maintained in RPMI supple- 
mented with 20 Cetus units/ml rIL-2. 

The VMM 18 CTL line is an HLA-A*0301-restricted CTL line 
generated from lymphocytes of another patient. This line was 
generated by stimulation, in vitro, with autologous tumor cells, and 
it recognizes several HLA-A*0301 -restricted peptides, including 
gpl00 17 _ 25 (ALLAVGATK) (Skipper et al, 1996). 

Preparation of synthetic peptides 

The MART- 1 27.35 peptide, the gplOO peptides YLEPGPVTA 
(residues 280-288) and ALLAVGATK (residues 17-25), and the 
influenza Ml peptide were synthesized by standard Fmoc chemis- 
try using a Gilson (Middleton, WI) model AMS422 peptide 
synthesizer, and purified to more than 98% by reverscd-phase 
HPLC on a Vydac (Hesperia, CA) C-4 column with 0.05% 
trifluoroacetic acid: water and an acetonitrile gradient. The modi- 
fied peptides (Table I) were synthesized using the Symphony/ 
Multiplex multivessel automated peptide synthesizer (Rainin, 
Woburn, MA) operating in the standard Fmoc mode of peptide 
synthesis. After cleavage from resin, all peptides were purified by 
reversed-phase HPLC. The molecular masses of these purified 
peptides were determined using matrix-assisted laser desorption 
ionization time-of-flight mass spectrometer using a-cyano-4- 
hydroxycinnamic acid as a matrix. All were more than 95% pure 
and had correct molecular masses. 

Synthesis of 2 of these modified peptides required specific 
additional methods. The asparagine N-linked glycopeptide, Glyco- 
MART-1, was synthesized using three-dimensional orthogonal 
solid-phase strategy (Fmoc/tBu/allyl). For post-synthesis modifica- 



TABLE I - COMPARISON OF THE MODIFIED MART- 1 PEPTIDES TO THE NATIVE MART-1 2 ,_ 35 PEPTIDE 







Modifi 






'IC S „ 
( M M) 


A. 


2 SC S „ lysis 
(relative dose) 


MART-1 


Ala-Ala-Gly-Ile-Gly-Ile-Leu-Thr-Val 






813.5 


0.5 


77% 


5nM(lX) 


PEG-MART- 1 


Ala-Ala-Gly-Ile-Gly-Ile-Leu-Thr-Val-NH- 




-NH- PEG 5(X x 


, -5800 


>35 


78% 


2,500 nM 




PEG 5000 












(500 X) 


D-MART-1 


D-Ala-Ala-Gly-Ile-Gly-Ile-Leu-Thr-D-Val 


D-Ala 


D-Val 


813.5 


NT 


75% 


100nM(20X) 


Glyco-MART-1 


Asn((3-D-GlcNHAc)-Ala-Ala-Gly-Ile-Gly- 


Asn(P-D- 




1130.7 


NT 


75% 


5nM(lX) 




Ile-Leu-Thr-Val 


GlcNHAc) 












Cap-MART-1 


Ac-Ala-Ala-Gly-Ile-Gly-Ile-Leu-Thr-Val- 






854.5 


65 


69% 


25 nM (5X) 


amide 










N-MART-1 


Ac-Ala-Ala-Gly-Ile-Gly-Ile-Leu-Thr-Val 






855.5 


35 


75% 


2.5nM(0.5X) 


C-MART-1 


Ala-Ala-Gly-Ile-Gly-Ile-Leu-Thr-Val-arnide 






812.5 


7 


82% 


0.25nM(0.05X) 



'IC 5 o is the concentration required for 50% inhibition of binding of a standard peptide to HLA-A*0201 molecules.- 2 SC 50 is the sensitizing 
concentration of peptide required to induce half maximal lysis in a reconstitution assay. The relative dose, compared with unmodified MART-1 
peptide, is shown in parentheses. Data represent a summary of 4 experiments. NT, not tested. 
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tion, Fmoc-Asp (OAllyl) residue was incorporated. After selective 
catalytic allyl removal, the resulting B-carboxyl of Asp was 
coupled with 2-acetamido-l -amino- 1, 2-dideoxy-B-D-glucopyra- 
nose to obtain a Fmoc-protected resin-bound glycopeptide (Kates 
et al, 1994). This peptide contains the Asp-Ala sequence prone to 
form an aspartimide derivative as a side product. To protect the 
Asp-Ala amide bond and to suppress undesired reactions during 
peptide synthesis, modification of theN- (2-acetoxy-4-methoxyben- 
zyl) (AcHmb) group has been proposed (Offer et al, 1996). We 
tried both approaches, with and without AcHmb-protection, in 
practical glycopeptide synthesis. The N- AcHmb protection of the 
Ala residue was on-resin, incorporated using published procedures 
(Ede et al, 1996). Both approaches gave the desired glycopeptide 
Glyco-MART-1 with good yield, but with AcHmb-protection, the 
crude product was better quality and did not contain the aspar- 
timide by-product. 

The PEGylated peptide, PEG-MART- 1, was synthesized with a 
2-step procedure. In the first step, an Fmoc peptide was synthesized 
by standard solid-phase peptide methodology and then cleaved 
from resin with Fmoc protection. In the second step, the resulting 
peptide block with free C-end carboxyl group was reacted in 
solution with methoxypolyoxyethylene amine (prepared from 
methoxypolyethylene glycol with an m.w. of 5000, Sigma). The 
Fmoc protection was cleaved with excess of piperidine, and the 
resulting product was purified by gel filtration followed by 
preparative reversed-phase HPLC at elevated temperature (50°C). 

Plasma 

Whole blood was drawn into heparinized tubes from healthy 
human volunteers and layered onto a Ficoll separation gradient. 
The plasma was collected from the top layer after centrifugation. 
Plasma was used fresh within 24 hr of isolation, without heat 
inactivation or cryopreservation. 

For use in one experiment, acid-treated plasma was created by 
the addition of 12 M HC1 to NHP until a pH of 1-1 .5 was obtained. 
The plasma remained at this pH for 1 hr after which 12 M NaOH 
was added to neutralize the plasma. 

Assay protocols to evaluate stability of tumor peptides in 
human plasma 

To determine the stability of the MART-1 27 _3 5 peptide in NHP 
over time, we developed a protocol in which the MART-l 27 -3 5 
peptide was incubated for varied time intervals in human plasma or 
control media, then pulsed onto target cells. To determine if the 
peptide persisted over time in these media, recognition by MART- 
l 2 7_35-reactive CTL was evaluated by a chromium-release assay. 

Concentrated peptide solutions were prepared in water and 
stored at 4°C, where they are stable. Fresh non-heat inactivated 
plasma was obtained from a normal donor by Ficoll separation. 
One ml of this NHP was then aliquoted into a series of 1 ml 
Eppendorf tubes. Control media, Hank's balanced salt solution 
(HBSS, GIBCO) or RPMI 1640 without additives, was then 
aliquoted into an equal series of Eppendorf tubes. Each pair of 
Eppendorf tubes (NHP and control media) was placed at 4°C. At 
selected time points, the test peptides were added to a pair of tubes, 
then incubated at 37°C for a specific time interval, e.g., 24 hr, 3 hr, 
1 hr, 50 min, 30 min, 10 min and 0 min. The test peptides were 
added from concentrated stock solutions to create final concentra- 
tions of either 1 uM or 10 uM. To minimize evaporative losses, the 
Eppendorf tubes remained capped throughout the incubations. The 
volume of peptide introduced to the 1 ml of test solution was less 
than 40 ul. 

Meanwhile, T2 cells were labeled with 200 ul of 51 Cr for 1.5-2 
hr in a 37°C water bath and were diluted in RPMI. The T2 cells 
were then aliquoted into a 96- well V-bottom plate with 1,000 cells 
per well. After incubation in serum or control media as outlined 
above, the peptide solutions were then removed from 37°C, and 
triplicate wells of 51 Cr-labeled T2 cells were then incubated 1 hr 
with 50 ul of peptide from each Eppendorf tube. VMM5 CTL 



reactive to the MART- 1 27-35 peptide were then added at an effector 
to target ratio of 10:1. After 4 hr of incubation, the chromium 
released into the supernatants was collected and counted. Percent- 
specific lysis was calculated. Thus, this assay assessed CTL 
reactivity as a measure of intact peptide presented on HLA-A*0201 
molecules of the T2 target cells. Similar assays for stability of the 2 
gplOO peptides were performed, using VMM18 CTL and EBV- 
transformed VMM 18 B cell line for the A3 restricted peptide 
ALLAVGATK (gpl00, M5 ). 



Evaluation of the affinity of synthetic peptides for the 
HLA-A*0201 molecule 

We used a described equilibrium binding assay that measures the 
ability of test peptides to compete with a radiolabeled standard 
peptide for binding to a Class I MHC molecule (Chen et al, 1994). 
Briefly, the standard peptide FLPSDYFPSV, an HLA-A*0201 
restricted analogue of hepatitis B virus core protein (HBc), residues 
18-27, was iodinated and incubated with purified Class I MHC 
molecules (10-50 nM) at room temperature with various doses of 
the test peptides, together with 5-10 nM of the labeled peptide and 
1 uM human B2-microglobulin (Calbiochem, La Jolla, CA) in PBS, 
pH 7.0, 0.05% NP-40, 1 mM PMSF, 1.3 mM 1,10-phenanthroline, 
73 uM pepstatin A, 8 mM EDTA, and 200 uM TLCK. After 48 hr, 
Class I MHC-peptide complexes were separated from free peptide 
by gel filtration on either a TSK2000 (7.8 mm x 15 cm) column 
eluted with PBS pH 6.5, 0.5% NP-40, 0.1% NaN 3 , or a Sephadex 
G-50 column (22 ml bed volume) eluted with the same buffer at pH 
7.0. Class I MHC-bound and -free radioactivity was measured, and 
the doses of test peptides yielding 50% inhibition of the binding of 
the labeled peptide (IC 50 ) were calculated. 

Stimulation of CTL in vitro with synthetic peptides 

To determine the ability of a modified MART- 1 27.35 peptide to 
stimulate CTL responses in vitro, lymphocytes were stimulated 
with peptide and evaluated by ELlspot assay. Lymph node cells 
from the melanoma patient VMM 120 were stimulated once in 
vitro, either with the MART-1 2 7_ 35 peptide or the Cap-MART-1 
peptide by incubating the lymph node cells with 40 uM concentra- 
tions of peptide for 2 hr at 37°C prior to washing the cells to 
remove unbound peptide. The cell cultures were then maintained in 
RPMI + 10% FCS + 20 units/ml IL-2 for 14 days at 37°C, 5% 
C0 2 . At the end of these 2 weeks, the cultured lymphocytes were 
evaluated by ELlspot assay to identify the number of CTL reactive 
to peptide. 



ELlspot assay 

Immulon 2 flat-bottom 96-well plates (Dynatech, Chantilly, VA) 
were coated with anti-IFN7 monoclonal antibody (MAb) (M- 
700A, Endogen, Woburn, MA). Lymphocytes (1.5 X 10 6 ) were 
mixed with an equal number of T2 cells alone or T2 cells pulsed 
with peptide. Serial dilutions of that cell mixture were made in 
complete medium, such that the numbers of lymphocytes ranged 
from 150,000-5,000 per well. The plates were incubated at 37°C, 
5% C0 2 for 18 hr. After extensive washing with washing buffer 
(H 2 0, 6.025% Tween 20), plates were incubated with biotin- 
labeled secondary antibody to IFN7 (M-701-B, Endogen), then 
washed again and incubated with avidin conjugated with alkaline 
phosphatase. Then the plates were developed with BCIP substrate 
in 1% low-melting agarose. The next morning, the number of blue 
spots, corresponding to the number of cells secreting IFN7, were 
counted in each well by 2 individuals. Each sample was tested in 
triplicate. The number of spots produced by lymphocytes incubated 
with T2 alone was compared with that produced by lymphocytes 
incubated with T2 pulsed with each of the test peptides. The 
frequency of T-cells reactive to peptide was calculated based on 
this difference. Statistical significance was tested by a 2-tailed 
r-test. 



DEGRADATION OF MELANOMA PEPTIDE 



RESULTS 

Determination of the stability of the MART-I27-35 peptide infresh 
NHP as detected by reconstitution of CTL epitopes 

Synthetic MART-1 27 _35 peptide was pre-incubated in fresh NHP 
or control media prior to pulsing onto 51 Cr-labeled T2 cells. These 
peptide-pulsed targets cells were then incubated with MART- 1 27.35- 
reactive CTL. Lysis of peptide-pulsed T2 cells thus represented 
persistence of intact peptide. When 1 uM MART- 127-35 peptide was 
pre-incubated in control media (HBSS or RPMI without FCS), 
there was no decay in CTL reactivity noted past 90 min (Fig. la), 
nor for the length of any assay up to 20 hr (data not shown). 
However, when the peptide was incubated in NHP (non-heat 
inactivated), CTL reactivity was noted to be well below 50% of 
maximal lysis after just 20 min and was undetectable within less 
than 60 min (Fig. la). 

To calculate the concentration of intact peptide that correlates 
with the observed lysis of peptide-pulsed T2 cells at each time point 
in Fig. la, a dose titration of the MART-1 2 7_3 5 peptide was 
simultaneously performed, where that peptide was not pre- 
incubated in plasma prior to pulsing on T2 cells. A chromium- 
release assay performed with T2 cells pulsed with peptide ranging 
in concentration from 0.5 fM to 50 uM revealed half-maximal lysis 
between 5nM and 50nM. Similar results were obtained regardless 
of whether the assay itself was performed in fresh human plasma or 
control media (RPMI+ 1% BSA), suggesting that the degradation 
of peptide observed in Fig. la is not substantially affected by the 
medium used during the chromium-release assay itself (Fig. lb). 

Based on these data in Fig. la and b, averaging the data for the 2 
curves in Fig. lb, an estimate of the quantity of intact MART-1 27 _3 5 
peptide was calculated for each data point in Fig. la. These 
calculations arc presented graphically in Fig. lc. The initial peptide 
concentration of 1 uM represents approximately 20-200 X the 
amount required for half-maximal target-cell lysis and approxi- 
mately 1000X the amount required for detectable lysis by VMM5 
CTL. This quantity of the MART- 1 27-35 peptide induced 75% 
specific T2 lysis after 100 sec in control medium (Fig. la), which 
was the initial time point of the stability assay. For peptides 
incubated in NHP, the specific lysis of T2 cells at that early time 
point was 66%, which corresponds to a peptide concentration of 
approximately 100 nM. Thus, in 100 sec, the amount of intact 
peptide decreased from 1 uM to 100 nM, approximately 99% of the 
total amount of peptide (Fig. 1). 

The calculated concentration of peptide was plotted against the 
time of incubation in NHP. The best-fit line correlated the inverse 
of the peptide concentration with the time of incubation (Fig. lc). 
Thus, the degradation of MART-1 27 _35 peptide in NHP is consistent 
with second order rate kinetics, such that the rate of degradation 
decreases as the concentration of the substrate decreases. Using the 
best-fit line for these data, an estimate of the second order rate 
kinetics for this system can be defined by the following equation, 
where K = slope = 0.0027 ml/ng-min. The correlation coefficient 
R 2 for this best-fit line is 0.97 (Fig. lc). From this, the half-life of 
the peptide (at an initial concentration of 1 pM) can be estimated 
using the following equation: 

1 1 
tm ~ K[peptide] 0 ~ (0.0027 ml/ng-min) * (1,000 ng/ml) 

= = 22 sec. 

2.7 min" 1 



Loss of the MART-I27-35 peptide in NHP is due to enzymatic 
degradation via peptidases 

We hypothesized that the loss of the MART- 1 27-35 peptide in 
NHP was secondary to peptidase activity. If this were the case, then 
denaturing proteins in NHP or the addition of protease inhibitors 
should eliminate the loss of MART-1 27 _35. To denature proteins in 
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Figure 1 - Degradation kinetics of the MART-1 2M5 peptide in 
NHP. Loss of CTL reactivity to peptide pulsed target cells is correlated 
with a dose-titration assay, permitting estimation of the quantity of 
intact peptide present after pre-incubation times of up to 30 min. In (a), 
1 uM MART-1 27 _ 35 peptide in 1 ml fresh NHP or HBSS was 
pre-incubated at 37°C for variable time intervals, then 50 pi of these 
solutions were pulsed onto 51 Cr-labeled T2 cells. Recognition by 
MART-l 27 _ 3 ,-reactive VMM5 CTL (effectontarget ratio 10:1) was 
evaluated by a chromium-release assay. Specific lysis of T2 cells plus 
peptide pre-incubated in plasma (solid squares) or control media 
(RPMI + 1% BSA, x's) is plotted for 8 time points over 90 min of 
pre-incubation time. A best-fit line for the peptides pre-incubated in 
plasma is plotted (dashed line) and correlates well with the observed 
data points (R 2 = 0.9974). Reactivity of CTL against T2 cells alone is 
less than 5% (circles). For (b), peptides were not pre-incubated in 
serum but were simply added to 51 Cr-labeled T2 cells in plasma (solid 
squares) or control media (x's) for the duration of the 4-hr chromium- 
release assay to determine if the presence of NHP during the 
chromium-release assay (after peptide pulsing) affects reactivity. Using 
the mean of values from the 2 superimposable curves from (b) above, 
the quantity of peptide associated with each of the data points in (a) 
was estimated and plotted in (c) as l/[peptide] vs. pre-incubation time 
(open squares). These observed data approximate a straight line. A 
best-fit line (dashes) has an R 2 value of 0.9702 and represents 
second-order kinetics. 



NHP, we acidified the NHP with 12N HC1 to a final pH of 1-1.5. 
After 1 hr, this pH was neutralized with 12N NaOH. The assay 
protocol was then followed as above, utilizing this denatured 
human plasma (DHP) and comparing its effects to those of fresh 
NHP. Consistent with prior observations, 1 pM of the MART-I27-35 
peptide was unstable in NHP and stable in HBSS at 37°C (Fig. 2a). 
However, when 1 pM of the MART- 1 27-35 peptide was pre- 
incubated in the DHP, no loss of the peptide was detected over 20 hr 
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FIGURE 2 - Loss of MART-1 27 „ 35 peptide in fresh human plasma is 
due to plasma peptidases. To determine if the degradation of that 
peptide was mediated by plasma protease inhibitors, the peptide 
MART-I27.35 was pre-incubated in fresh human plasma or denatured 
human plasma, with or without protease inhibitors prior to addition of 
VMM5 CTL (effector:target ratio of 10:1). Percent specific lysis was 
measured. For (a), human plasma was either used fresh or was used 
after denaturation by acidification as described in Material and 
Methods. Specific lysis of T2 cells pulsed with 1 uM MART-1 27 _ 35 , 
after pre-incubation in control media (x's on solid line), fresh NHP 
(closed squares on solid line) or acid-denatured human plasma (DNP, 
closed circles on dashed line) is plotted for 3 time points representing 
pre-incubation of 0, 1 and 20 hr. Control wells without MART-I27-35 
peptide were associated with 10% lysis or less. In (b), Leupeptin, 
Antipain and Bestatin at a final concentration of 1 mM were added to 
MART-1 27 _35 peptide (10 uM) prior to a 5-hr pre-incubation of peptide 
in fresh NHP or control media (HBSS). Each protease inhibitor delayed 
the degradation of the MART-1 27 _ 35 peptide in NHP to some extent, but 
a combination of the 3 inhibitors had an additive effect. In (c) 1 uM 
MART-1 27 _ 35 peptide was pre-incubated for 0, 1 or 20 hr in HBSS (x's) 
or NHP (solid squares) prior to pulsing on T2 cells and addition of 
VMM5 CTL. Also, 1 uM MART-1 27 _ 35 peptide was pulsed onto T2 
cells then incubated NHP for 0, 1 or 20 hr (dashed line with closed 
circles) prior to addition of VMM5 CTL. Specific lysis of target cells 
was measured. Lysis of T2 cells without peptide was less than 10%. 



of pre-incubation. These data are consistent with our hypothesis 
that the loss of the MART-I27-35 peptide in NHP was mediated by 
peptidase activity. 

To confirm this hypothesis further, we then attempted to inhibit 
the decay of MART- 1 27.35 peptide in NHP with protease inhibitors. 
When 10 pM MART-1 27 _35 peptide was incubated in NHP plus 1 
mM of either of the endopeptidase inhibitors, leupeptin or antipain, 
or 1 mM of the exopeptidase inhibitor, bestatin, MART-1 27 _35 
peptide degradation was partially inhibited (Fig. 2b). Furthermore, 
the combination of both the endo- and exopeptidase inhibitors was 
additive in retarding the loss of the MART-I27-35 peptide in human 



plasma, suggesting that multiple enzymes may be involved in the 
degradation process. 

Next, we evaluated whether the MART- 1 27-35 peptide would be 
protected against proteolytic degradation if first bound to an MHC 
molecule. As seen previously, 1 pM free MART-1 2 7_ 35 was stable in 
HBSS and unstable in NHP. However, when the MART-1 27 _35 
peptide was first pulsed onto T2 cells for 1 hr prior to being 
incubated with NHP, no loss of CTL reactivity against those 
peptide-pulsed target cells was noted for up to 20 hr (Fig. 2c). 

Determination of the stability of the gpl00 2 so-2ss cmd gplOOi 7 - 2S 
peptides in fresh normal human plasma. 

To determine whether the stability of nonamer peptides in fresh 
NHP may be generalizable or whether it was uniquely a property of 
the MART-1 peptide, 2 other peptides known to be naturally 
processed and presented on the cell surface were evaluated in a 
similar manner. The gplOO peptide corresponding to amino acid 
residues 280-288 (YLEPGPVTA) is naturally processed and 
presented in association with HLA-A*0201 , and it is recognized by 
VMM5 CTL (Cox et al, 1994). When incubated in fresh NHP, the 
ability of 10 pM YLEPGPVTA to reconstitute an epitope for 
VMM5 CTL persisted at 1 hr but disappeared after 20 hr, whether 
incubated in 100% FCS (not heat inactivated, data not shown) or in 
100% fresh NHP (Fig. 3c). The concentration of this peptide 
required for half-maximal lysis is 1-10 pM (Cox et al, 1994), so 
the 10 pM concentration is approximately 10 s -fold in excess. 

The gplOO peptide corresponding to amino acid residues 17-25 
(ALLAVGATK) is naturally processed and presented in association 
with HLA-A*0301, and it is recognized by VMM 18 CTL (Skipper 
et al, 1996). When incubated in fresh NHP, the ability of 10 uM 
ALLAVGATK to reconstitute an epitope for VMM 18 CTL fell to 
half-maximal at 1 hr and disappeared by 20 hr in 100% fresh NHP 
(Fig. 3f>). The concentration of this peptide required for half- 
maximal lysis is 1-10 nM (Skipper et al, 1996), so the 10 uM 
concentration is approximately lO'-fold in excess. Thus, it can be 
estimated that approximately 99.9% of this peptide is degraded 
within the first hour of incubation in plasma. 



Modification of the MART-1 peptide increases the t'/ 2 in human 
plasma without destroying the T-cell epitope 

Multiple modifications of peptides have been reported to in- 
crease peptide stability in vivo. We selected 6 of these modifica- 
tions to apply to the MART-1 27 _3 5 peptide, and they are outlined in 
Table I. Each modification was selected because it had been 
reported to increase the stability of other small peptides in vivo with 
minimal changes in peptide configuration or characteristics. The 
PEG moiety added to the C-terminus of the MART-1 27 _3 5 peptide 
had a m.w. of approximately 5,000. It was hypothesized that this 
moiety, though large when compared to the MART-1 27 _ 3 5 peptide, 
might be in a position not to significantly inhibit immune recogni- 
tion. To achieve glycosylation of the MART-1 27 _ 35 peptide, we 
added a glycosylated asparagine residue to the N-terminus of the 
MART-1 27-35 sequence. The C-terminal amino acid capping of the 
MART-1 27-35 peptide resulted in a peptide of slightly lower 
molecular weight than the naturally occurring peptide due to 
substitution of the amide group for a hydroxyl group. We hypoth- 
esized that the modified peptides would still be antigenic and that 
they would confer a significant protection against enzymatic 
degradation. 

We first evaluated whether the modified peptides could reconsti- 
tute an epitope for VMM5 CTL. When dose was not limited, each 
of the modified peptides was capable of reconstituting the T-cell 
epitope sufficiently to induce the same maximal level of target cell 
lysis by VMM5 CTL, however, this was achieved at different 
peptide concentrations (Table I). Half-maximal lysis was achieved 
with PEG-MART- 1, D-MART-1 and Cap-MART-1 peptides at 
500 X, 20 X and 5X more peptide than the unmodified MART-1 
peptide. The Glyco-MART-1 peptide was equivalent to the unmodi- 
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Figure 3 - Stability of HLA A*0201 restricted and HLA-A*0301-restricted gplOO peptides in fresh human plasma. After incubation for 0, 1 or 
20 hr in fresh NHP, FCS or Hanks, peptides were added to antigen-presenting cells and tested as targets in 4-hr chromium-release assays to 
determine the presence or absence of detectable epitopes for these CTL. In (a), HLA-A2-restxicted peptide 946 (gp 1 00 28() _ 288 ) was pulsed onto T2 
cells and evaluated with VMM5 CTL. In (b), HLA-A3-restricted peptide ALLAVGATK (gpl00 17 _ 25 ) was pulsed onto HLA -A3 + VMM18-EBV 
transformed B cells and evaluated with VMM 18 CTL. 



fied MART- 1 peptide in its ability to reconstitute the CTL epitope. 
In contrast, the N-MART-1 and the C-MART-1 peptides reconsti- 
tuted the CTL epitope more effectively than the native MART- 
1 27-35 peptide such that half-maximal lysis was achieved with Vi 
and '/20 th as much peptide, respectively (Table I). 

Next we evaluated whether these modified peptides conferred 
any protection against enzymatic degradation in NHP. The assay 
was initiated with 10 uM concentrations of each peptide so that 
there would be maximal lysis at the beginning of the study with 
each of the modified peptides (Fig. 4) . The results represent the 
lysis induced by the intact modified MART- 1 peptides after 20 hr of 
incubation at 37°C. This represents the longest incubation time 
tested. As previously seen, the native MART-1 peptide is unstable 
in human plasma. Even though glycosylation of the N-terminus and 
D-amino acid substitution of the N- and C-termini have proven 
successful in prolonging the half-life of other small peptides 
(Maillere et al, 1995; Powell et al, 1993), here neither conferred 
any significant protection against degradation. Significantly in- 
creased half-lives were noted with the PEGylated MART-1, 
Cap-MART-1, N-MART-1 and C-MART-1 peptides. All of these 
modifications extended the stability of the native MART-l 27 _3j 
peptide in NHP such that there was maximal or near maximal lysis 
even with peptides incubated 20 hr in NHP. (Fig. 4) 

The binding affinity of these modified peptides was measured in 
an equilibrium binding assay, and the concentration required for 
50% inhibition of binding of a standard peptide are listed (Table I), 
such that higher values represent weaker binding. The peptides 
Cap-MART-1, N-MART-1 and C-MART-1 all bind to the HLA- 




Figure 4 - Stability of modified MART-1 peptides in fresh human 
plasma. Each of the modified MART-1 peptides were added to HBSS 
(clear bars) or NHP (black bars) and pre-incubated at 37°C for 20 hr 
prior to pulsing onto 51 Cr-labeled T2 cells. Specific lysis of T2 cells 
pulsed with these modified peptides was measured in a chromium- 
release assay. The D-MART-1 and the Glyco-MART-1 peptides were 
no more stable in NHP than the native MART-1 27 _ 35 peptide. However, 
the PEG-MART- 1, Cap-MART-1, N-MART-1 and C-MART-1 peptides 
were significantly more stable in NHP. 



A*0201 molecule, but with lower affinity than the MART-1 
peptide. 

The Cap-MART-1 peptide was evaluated for its ability to 
stimulate a MART-1 -reactive CTL line in vitro. Lymphocytes from 
a tumor-free lymph node from HLA-A2+ melanoma patient 
VMM120 were stimulated in vitro with the naturally occurring 
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Figure 5 - Immunogenicity of Cap-MART-1 peptide. VMM120 
lymph node cells were stimulated in vitro either with the natural 
MART-1 peptide or with the modified Cap-MART-1 peptide for 14 
days, then resulting cultured lymphocytes were evaluated by ELIspot 
assay for the number of peptide-specific IFN-y-secreting lymphocytes. 
Reactivity to MART-1 peptide, to Cap-MART-1 peptide and to the 
influenza Ml peptide are compared with standard deviations of 
triplicate values marked for each data bar. Comparing responses to 
T2+peptide to responses to T2 alone, p values for significance are as 
follows. MART-1 stimulated lymphocytes: T2+MART-1 vs. T2(p< 
0.001); T2+Cap-MART-1 vj. T2 (p < 0.008); T2+M1 vs. T2 (p = 
0.73); Cap-MART-1 stimulated lymphocytes: T2+ MART-1 vs. T2 
(p < 0.008); T2+Cap-MART-1 vs. T2 (p < 0.003); T2+M1 vs. T2 
(p = 0.12). 



MART-1 peptide (AAG1GILTV) or with Cap-MART-1 peptide. 
After 14 days, the T-cell response to the naturally occurring 
MART-1 peptide was measured by ELIspot assay. There was no 
significant difference in the reactivity to MART-1 after stimulation 
with MART-1 itself (382 responding T-cells per 10 s ) or after 
stimulation with the Cap-MART-1 peptide (465 responding T-cells 
per 10 5 ) (Fig. 5). There was also reactivity to the Cap-MART-1 
peptide in both cases (112 and 105 responding T-cells per 10 5 , 
respectively). These reactivities were all significantly above back- 
ground reactivity to T2 cells alone. Reactivity to the influenza Ml 
peptide was not significantly above background in either culture. 
(Fig. 5) 

DISCUSSION 

There has been increased enthusiasm for the use of naturally 
occurring biologically active peptides in the clinical setting. An 
important step in the development of many clinically effective 
peptide-based therapies has been the production of analogues that 
retain the biologic activity while resisting elimination in vivo 
(Marbach et al, 1993). The identification of peptide epitopes for 
melanoma-reactive CTLhas led to their use in melanoma vaccines. 
Modifications of individual amino acid residues in Class I MHC- 
associated peptides have been reported, which have been designed 
to increase affinity for the MHC and to increase immunogenicity 
(Parkhurst et al., 1996; Valmori et al, 1998), but these modifica- 
tions were not designed to increase stability to peptidase activity 
and have not been tested for their effect on stability in vivo. The 
stability of Class II MHC-associated peptides in heat-inactivated 
FCS has been reported (Maillere et al, 1995), and the degradation 
of a murine peptide and of a human MAGE-3 peptide by serum 
peptidases has been assessed by mass spectrometry (Ayyoub et al, 
1998). These results confirm the expectation that synthetic peptides 
are susceptible to degradation in serum. In addition, Ayyoub et al. 
(1998) demonstrated approaches for stabilizing certain peptide 
bonds by creating peptide analogues. However, these studies did 



not evaluate the effect on antigenicity of modifications that may 
increase stability. We have undertaken the present study with the 
premise that it is critical to understand how the stability of 
immunogenic peptides may affect the potential clinical effective- 
ness of peptide-based melanoma vaccines. In particular, we have 
evaluated the antigenicity of a modification that markedly increases 
peptide stability. 

We have found that the MART-1 27-35 peptide is very unstable in 
NHP, with a calculated half-life of 22 sec at a 1 uM concentration 
and that its degradation was a result of plasma peptidase activity, 
probably involving multiple peptidases with exo- and endopepti- 
dase activities. Although this calculated half-life is the result of 
indirect measures, it is clear that the half-life for the MART-1 2 7_ 35 
peptide in NHP is very short and that in a matter of minutes, less 
than 1% of the original peptide dose remains intact in human 
plasma. This conclusion is based purely on an in vitro model, 
however, it is known that the dermis contains multiple peptidases 
with exo- and endopeptidase activity (Boderke etal, 1997), and in 
the case of the peptide hormone somatostatin findings related to 
stability in human plasma were accurately extrapolated to the in 
vivo setting (Marbach et al, 1993). Thus, it is reasonable to expect 
that the findings in the present report can be similarly extrapolated 
to the in vivo setting. We expect that free, unmodified peptides 
administered intradermally will experience rapid degradation simi- 
lar to that observed with the MART-l 27 _3s peptide in plasma. 

Additional experiments with antigenic gpl 00 peptides, restricted 
by HLA-A*0201 or HLA-A*0301, reveal that rapid degradation of 
free peptides in human plasma is a common phenomenon and is not 
a property unique to the MART-1 27 _ 3S peptide. The HLA-A*0301- 
associated peptide ALLAVGATK reconstitutes an epitope for 
VMM18 CTL at low nanomolar concentrations (Skipper et al, 
1996), and the data shown in Fig. 3b suggest that 99.9% of this 
peptide is degraded within 1 hr. The A*0201 -associated peptide 
YLEPGPVTA reconstitutes an epitope for VMM5 CTL at much 
lower concentrations in the low picomolar range (Cox et al, 1994), 
so it is not surprising that maximal reactivity is still observed after 1 
hr. However, al 20 hr, reactivity is reduced to near background 
levels (Fig. 3a). 

It is reasonable to expect that peptides must be intact long 
enough to bind to an APC for there to be an effective immune 
response induced by the vaccination. Therefore, peptidase- 
mediated degradation of the MART-1 27.35 peptide may have 
important implications for vaccinations when considered in combi- 
nation with data on APC migration. The estimated minimal 
response time for a DC to begin migrating toward an inflammatory 
site has been estimated to be between 1 .5-2 hr and may only reach 
completion after 24-48 hr (Weiss et al, 1997). Therefore, it seems 
likely that, in the setting of vaccines using free, unmodified 
peptide, the majority of injected peptide would be degraded prior to 
the arrival of DCs at a vaccination site. Conversely, injected 
peptide that is not degraded may bind to Class I MHC molecules on 
non-APC cells that lack the co-stimulatory molecules needed to 
induce an immunologic response and thus may induce tolerance. 
Certainly, adjuvants administered with peptide-based vaccines may 
well alter the susceptibility of peptides to peptidases. This requires 
additional study, but there is some evidence that local inflammation 
actually increases peptidase activity (Boderke et al, 1 997). Regard- 
less of an incremental effect of adjuvants, however, it seems likely 
that vaccinations using the Class I MHC-associated melanoma 
peptides may not be as effective as DC-based therapies because the 
immunogenic peptide may be degraded prior to the arrival of these 
antigen-presenting cells at the vaccination site. Therefore, modified 
Class I-associated melanoma peptides that are protected from 
endo- and exopeptidase degradation but retain antigenicity may be 
useful for the next generation of peptide-based vaccines. 

Recent vaccine trials using melanoma peptides at this and other 
institutions have used unmodified peptides with free N-terminal 
and C-terminal ends (personal communications, Drs. Alexander 
Knuth, Frankfurt, Germany; Angela Shaver, National Cancer 
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Institute, Bethesda, MD; Walter Storkus, Pittsburgh, PA; and data 
not shown). However, we have found that capping of both or either 
of the N- and C-termini or PEGylation increases the stability of the 
MART- 1 27-35 peptide. Although in vivo experiments will be re- 
quired to evaluate the net immunogenicity of the Cap-MART-1 
peptide, preliminary in vitro data provide evidence that fresh 
lymphocytes from a melanoma patient stimulated with the Cap- 
MART-1 analogue will develop reactivity to the natural MART- 
1 27-35 peptide at an equivalent level to that obtained after stimula- 
tion with the MART-1 27 _ 35 peptide itself (Fig. 5). The lower 
reactivity to the Cap-MART-1 peptide observed with both cultures 
is consistent with the data in Table I, that the binding affinity for 
HLA-A*0201 is lower than that of unmodified MART-1 peptide. 
This may explain why the concentration of Cap-MART-1 required 
for epitope reconstitution is 5-fold higher than that required for 
MART-1 27 _ 35 . 

In contrast to prior experience with other peptides (Powell et ai, 
1993), N-terminal glycosylation and d-isomer substitution of the 
N- and C-terminal amino acids did not significantly stabilize the 
MART-I27-35 peptide. In fact, the D-MART-1 peptide had a shorter 
half-life as compared with the unmodified MART-1 peptide in 
human plasma (data not shown). These data raise a question of 
whether the effect of any modification will be uniformly generaliz- 
able to all of the immunogenic melanoma peptides. 

It appears that some modifications may have effects unrelated to 
stability alone. In this study, the PEG modification not only 
increased the stability of the MART-1 ,7.35 peptide in NHP but also 
increased the solubility of the hydrophobic MART-1 27 _ 35 peptide 
(data not shown). The increased solubility of the PEG-MART- 1 
peptide may increase peptide uptake by APC, or in contrast, the 
increased solubility may result in increased diffusion away from 
the immunization site, thus leading to decreased loading onto the 
APC. We theorize that the mechanism for the increased stability of 
PEGylated peptides is steric hindrance of the degradative enzymes. 
However, PEGylation of MHC -binding peptides may likewise 
produce steric hindrance in the peptidc-MHC interaction or in the 
TcR interaction with antigen. Such steric hindrance may also 
explain the increased peptide dose required for half maximal lysis, 
when using this modification. The PEG moiety used for the 
PEG-MART- 1 peptide is large, with a m.w. of 5,000, and it 
markedly decreased affinity for the MHC (Table I). Therefore, it 
may be beneficial to use a smaller PEG moiety for future 



modifications. It may also be beneficial to extend the C-terminal 
side of the MART-1 peptide before adding the PEG moiety, in 
hopes of decreasing steric hindrance for T-cell receptor engage- 

We assume that increased in vivo stability of melanoma Class I 
MHC-associated peptides used in vaccinations will increase the 
amount of peptide being loaded onto APCs at the vaccination site. 
It is this combination of immunogenic peptide plus APCs that is 
probably critical for the production of an optimal immune re- 
sponse. However, in vivo studies are needed to evaluate the overall 
impact of increased peptide stability on the induced anti-tumor 
immune response. Modified peptides with increased stability in 
vivo may diffuse into the systemic circulation and become tolera- 
genic, as seen with IV infusion of immunogenic peptides in mice 
(Aichele et ai, 1995). Or, by effectively increasing the actual dose 
delivered to the patient, these modified peptides may preferentially 
induce low-affinity CTL. Likely, there is a balance to be achieved 
in peptide stability that may permit optimal presentation of 
immunogenic peptides. 

The discovery of specific peptide epitopes for melanoma- 
reactive CTL has brought optimism for the development of an 
effective, well-tolerated therapy for melanoma. Although purified 
MHC Class I-associated peptides can induce CTL-mediated re- 
sponses in animal models (Jaeger et ai, 1996), the results thus far 
from clinical trials have left some opportunity for improvement. In 
the present study, we have shown that the MART-1 27 _3 5 peptide is 
rapidly degraded when exposed to endo- and exopeptidases and 
that this degradation can be blocked with N- and C-terminal 
modifications. These data raise the questions of whether peptides 
that are currently being used in peptide-based vaccine trials for 
melanoma are unstable and whether these modifications are 
generalizable for universal protection. These findings certainly 
support the use of antigen presenting cells, such as DCs, pre-pulscd 
with peptide, in tumor vaccines. In addition, these findings may 
well provide a means to improve peptide-based vaccines using free 
peptide. However, in vivo experiments directly addressing the 
impact of using peptides that have increased stability in vaccina- 
tions will be required to address the complex nature of vaccination 
biology. Increased understanding of how these peptides interact 
with the melanoma patient is critical for the realization of their 
potential effectiveness. 
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B Engineering the Fc region of immunoglobulin G to 
; modulate in vivo antibody levels 

: Carlos Vaccaro 1 , Jinchun Zhou 1 , Raimund J Ober 1,2 & E Sally Ward 1 

. ; We have engineered the Fc region of a human immunoglobulin G (IgG) to generate a mutated antibody that modulates the 

concentrations of endogenous IgGs in vivo. This has been achieved by targeting the activity of the Fc receptor, FcRn, which serves 
o through its IgG salvage function to maintain and regulate IgG concentrations in the body. We show that an IgG whose Fc region was 
B engineered to bind with higher affinity and reduced pH dependence to FcRn potently inhibits FcRn-IgG interactions and induces a 
c rapid decrease of IgG levels in mice. Such FcRn blockers (or 'Abdegs,' for antibodies that enhance IgG degradation) may have uses 
in reducing IgG levels in antibody-mediated diseases and in inducing the rapid clearance of IgG-toxin or IgG-drug complexes. 

I 



■c The engineering of the variable regions of IgG to generate effective 
therapeutic antibodies for both targeting and blocking effects is now a 
g widely used approach 1,2 . In contrast, modulation of Fc-receptor 
& function by manipulating the Fc regions of IgGs is relatively unex- 
c plored. Here we have investigated such an approach with the aim of 
■g; developing therapeutics that decrease IgG levels in vivo. Such reagents 

2 could have potential applications in the treatment of diseases, such as 
^ systemic lupus erythematosus, in which autoreactive antibodies play a 
a> role 3 . In addition, they may have utility in the clearance of antibodies 

3 complexed with toxic molecules such as drugs or toxins. 

Z There is a paucity of methods for modulating IgG levels in vivo, 
primarily owing to the limited understanding of the mechanisms by 
which antibody concentrations are controlled. However, recent studies 

© have shown that the major histocompatibility complex (MHC) class I- 
gng.related receptor, FcRn, plays a central role in regulating the transport of 
f^vi within and across cells of diverse origin 4-11 . Thus, in addition to its 
earlier known activity in the transport of maternal IgG to offspring 12 ' 13 , 
FcRn regulates IgG concentrations both in the serum and throughout 
the body 14-16 . The current model for FcRn function is as follows: IgGs 
are taken up into cells, most likely by fluid-phase pinocytosis, as the 
near-neutral pH of the extracellular milieu is generally not permissive 
for FcRn-IgG interactions 17 ' 18 . IgGs that bind to FcRn in early, acidic 
endosomes following uptake are recycled (or transcytosed) and 
released at the cell surface by exocytosis 11 . In contrast, IgGs that do 
not bind enter the lysosomal pathway and are degraded 10 . IgGs can fail 
to be salvaged by FcRn for several reasons. They may have relatively 
low affinity for FcRn and as a result not compete favorably with other 
IgGs for interaction, or the IgG concentration may be saturating for 
FcRn binding. IgG homeostasis in the body is therefore maintained, at 
least at the level of IgG breakdown, by the saturable nature of FcRn. 

The FcRn interaction site on IgG has been mapped using a 
combination of site-directed mutagenesis, functional analyses and 
X-ray crystallography 19 " 22 . It encompasses residues at the CH2-CH3 



domain interface of IgG that include Ile253, His310, His435 and, in 
most mouse isotypes, His436 (ref. 23). In most human IgG isotypes 
and mouse IgG2b, residue 436 is tyrosine (ref. 23). The IgG -FcRn 
interaction is also highly pH dependent, with tight binding at pH 6.0, 
which becomes progressively weaker as near-neutral pH is 
approached 17 ' 18 . Information concerning the molecular details of the 
FcRn interaction site offers opportunities to engineer antibodies with 
altered pharmacokinetics and distribution 24 " 26 . 

Rather than using knowledge of IgG-FcRn interactions to generate 
IgGs with longer (or shorter) serum half-lives 20 ' 24-26 , we engineered 
an antibody that, through its Fc-mediated binding to FcRn, enhances 
the clearance rates of endogenous IgGs. The rationale for the current 
study is that modified antibodies with increased affinity for FcRn 
relative to their wild-type counterparts will inhibit the interaction of 
endogenous IgGs, thereby increasing degradation of the latter. The 
inhibitory capacity of the engineered antibody would be further 
enhanced if the pH dependence of the IgG mutant-FcRn interaction 
were decreased, because, compared with naturally occurring IgGs, the 
engineered IgG would bind more stably to FcRn during exocytic 
events at the cell surface 11 . We have therefore generated a human 
IgGl variant that, as a result of mutations in the Fc region, has 
suitable properties for the blockade of FcRn activity. We show that 
this engineered antibody inhibits FcRn-mediated recycling of IgG 
in vitro and enhances the clearance rates of endogenous IgGs in mice. 
Such antibodies, or 'Abdegs' (antibodies that enhance IgG degrada- 
tion), may have applications in the treatment of antibody-mediated 
diseases and in other situations where FcRn inhibition is desirable. 

RESULTS 

Generation and FcRn binding properties of an Abdeg 

An effective Abdeg should have increased affinity for FcRn at both 
acidic and near-neutral pH relative to its parent wild-type IgG. In 
earlier studies a mutated variant of human IgGl was generated in 
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Figure 1 The MST-HN Abdeg binds to human FcRn with increased affinity 
and reduced pH dependence, (a) a-carbon trace of the X-ray crystallographic 
structure of human IgGl (Fc region 49 ) with location of residues targeted for 
mutagenesis in the MST-HN mutant (Met252, Ser254, Thr256, His433 and 
Asn434) indicated in black (drawn using Rasmol, courtesy of Roger Sayle, 
Bioinformatics Research Institute, University of Edinburgh). (b,c) SPR 
analyses of the interaction of human FcRn with wild-type human IgGl (wild 
type) or MST-HN Abdeg. Coupling densities for the data shown are 671 RU 
(MST-HN) or 719 RU (wild-type human IgGl). Recombinant human FcRn 
was injected over the flow cells at the concentrations indicated in PBS plus 
0.01% Tween 20 pH 6.0 (b,c) or pH 7.2 (c) at a flow rate of 10 ul/minute. 
Sensorgrams showing equilibrium binding analysis of the interaction of 
human FcRn with MST-HN Abdeg (b); interaction of human FcRn with 
wild-type human IgGl and MST-HN Abdeg at pH 6.0 and pH 7.2 (c). 
Concentrations of human FcRn used in c correspond to about three times 
the K D1 value at pH 6.0 for the respective interactions. Representative 
sensorgrams of at least duplicate injections are shown (b,c). All data 
were zero adjusted and reference-cell subtracted. 



which Met252, Ser254, Thr256, His433, Asn434 and Tyr436 were 
changed to Tyr252, Thr254, Glu256, Lys433, Phe434 and His436 
('MST-HNY) with the goal of increasing serum half-life 26 . The 
. mutations of these residues, which are located at the CH2-CH3 
domain interface (Fig. la), result in increased affinity at pH 6.0 and 
- reduced pH dependence (that is, increased binding at near-neutral 
pH) for binding to both mouse and human FcRn 26 . With the aim of 
analyzing the role of residue 436 of human IgGl, which differs 
' between mouse and human IgGl (histidine in most mouse isotypes; 

tyrosine in human IgGl 23 ) in binding to FcRn, we mutated Tyr436 of 
: human IgGl to histidine. This mutation resulted in an approximate 
threefold reduction in affinity for binding to human FcRn (J.Z., 
> F. Mateos and E.S.W., unpublished data), suggesting that the Y436H 
! mutation in the MST-HNY variant might be detrimental to binding. 
: This prompted us to make an engineered variant of human IgGl 
; containing mutations of Met252, Ser254, Thr256, His433 and Asn434 
; to Tyr252, Thr254, Glu256, Lys433 and Phe434 (MST-HN; Fig. 1). As 
i shown by surface plasmon resonance (SPR) analyses, MST-HN has a 
^substantially increased binding affinity for human FcRn at pH 6.0 
T | , = 15.5 nM for MST-HN; K Dl = 370 nM for wild-type human 
IgGl) and retains significant binding activity at pH 7.2 (Fig. 1). We 
also used SPR to analyze the interaction properties of MST-HN with 
mouse FcRn. The mutant bound to mouse FcRn with high affinity at 
pH 6.0 (K m = 1.2 nM) and retained good affinity at pH 7.2 (K m = 
7.4 nM). The MST-HN variant therefore bound more tightly to mouse 
FcRn than to human FcRn, consistent with earlier studies indicating 
that, relative to mouse FcRn, human FcRn generally has lower 
affinities for IgGs 26 ' 27 . 

The MST-HN Abdeg colocalizes with FcRn in endothelial cells 

We analyzed the properties of the MST-HN Abdeg using in vitro assays 
with human microvascular endothelial cells (HMEC-1) transfected 
with mouse FcRn-green fluorescent protein (GFP). HMEC-1 cells 



Figure 2 The MST-HN Abdeg accumulates to higher levels in FcRn-GFP- 
expressing endothelial cells relative to wild-type human or mouse IgGl. 
Uptake of Alexa 647-labeled MST-HN Abdeg (a), wild-type human 
IgGl (b) or wild-type mouse IgGl (c) by HMEC-1 cells transfected with 
mouse FcRn (mFcRn)-GFP. Transfected cells were pulsed with 20 ug/ml 
labeled IgGl for 60 min, washed, fixed and mounted. The same imaging 
conditions (exposure times) were used for imaging of Alexa 647-labeled 
IgGs, and Alexa 647 is pseudocolored in red. Bars, 5 urn. 



were used extensively in our earlier studies to analyze the intracellular 
trafficking of FcRn and IgGs 10 - 11 . The uptake of fluorescently labeled 
MST-HN Abdeg at a concentration of 20 ug/ml (-125 nM) into 
transfected cells was first compared with that of 20 ug/ml fluorescently 
labeled human or mouse IgGl (both wild type). Fluorescence imaging 
showed that the mutated IgGl accumulated in the cells to substantially 
higher levels than either wild-type mouse or human IgGl, which were 
undetectable under our imaging conditions (Fig. 2). Colocalization of 
the MST-HN Abdeg with mouse FcRn-GFP was extensive, indicating 
that the Abdeg interacts with FcRn within cells. First, the Abdeg's high 
affinity and reduced pH dependence for FcRn promotes binding to 
surface FcRn under the conditions of the assay. This would be 
expected to facilitate uptake of the Abdeg by receptor-mediated 
pathways. Second, the Abdeg's binding properties may result in 
poor release of this IgG during exocytic events involving FcRn at 
the plasma membrane. 

The MST-HN Abdeg can inhibit recycling of IgGs in vitro 

We next analyzed the ability of the MST-HN Abdeg to inhibit 
recycling of IgG in human endothelial cells transfected with mouse 
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Figure 3 Inhibition of recycling of mouse IgGl 
from HMEC-1 cells transfected with mouse 
FcRn-GFP. (a) Histogram plots showing the 
amounts of Alexa 647-labeled mouse IgGl at 
different chase times after pretreatment of cells 
with either MST-HN Abdeg or wild-type human 
IgGl. (b) Mean fluorescence intensities 
(background subtracted) of Alexa 647 
fluorescence for each time point/treatment 
for the data shown in a. (c) Images of mouse 
FcRn (mFcRn)-GFP-transfected cells to show 
distribution of Alexa 546-labeled mouse IgGl 
and Alexa 647-labeled dextran (lysosomal tracer) 
after pretreatment with the MST-HN Abdeg. Data 
are representative of at least two independent 
experiments. Bar, 5 urn. 



g FcRn-GFP. Cells were preincubated with the MST-HN Abdeg or wild- 

ai type human IgGl for 60 min, and then fluorescently labeled 

3 mouse IgGl added for a further 60 min. Uptake and recycling of 

c mouse IgGl at the end of the pulse and after a 40-min chase period, 

| respectively, were quantified by flow cytometry. Immediately after the 

.§ pulse period, mouse IgGl had accumulated to higher levels in 

a cells pretreated with the MST-HN Abdeg relative to those pretreated 

£ with wild-type human IgGl (Fig. 3a,b). In addition, during the 

a- chase period substantially more mouse IgG was recycled out of the 

O cells pretreated with wild-type human IgGl relative to Abdeg- treated 

O cells (Fig. 3a,b). 

c We also used fluorescently labeled dextran as a lysosomal tracer to 
assess the intracellular location of the mouse IgGl in HMEC-1 cells 

25 that had been pretreated with the MST-HN Abdeg. Microscopy 

£ analyses of these cells indicated colocalization of dextran and mouse 

<D IgGl (Fig. 3c). Taken together, the data show that pretreatment of cells 

2 with the MST-HN Abdeg resulted in decreased recycling and accu- 

Z mulation of mouse IgGl in the lysosomal pathway. 

g The MST-HN Abdeg can enhance IgG clearance in vivo 

© We also investigated the effect of the MST-HN Abdeg on the clearance 
jgr».rates of IgGs in mice. Mice were injected with radiolabeled ( 125 I) wild- 
life human IgGl, and 72 h (3 d) later groups of mice were treated 
^"with 500 or 200 ug MST-HN Abdeg or 500 ug wild-type human IgGl. 
Figure 4 shows the levels of radioactivity remaining in the mice at 
different times during the experiment. These levels were assessed using 
whole-body counting and therefore indicate whole-body rather than 
serum levels of labeled IgGl. After injection of 500 ug MST-HN 
Abdeg, a rapid decrease in radioactivity levels in the mice was 
observed (Fig. 4). A similar, but less marked effect, was observed for 
mice treated with 200 ug MST-HN Abdeg (Fig. 4). The levels 
of radioactivity dropped to 12 ± 4.6% (500-ug treatment group) or 



20 ± 3.8% (200-ug treatment group) of the injected dose 120 h (5 d) 
after injection of the MST-HN Abdeg. In contrast, treatment of mice 
with 500 ug of wild-type human IgGl had no observable effect on the 
clearance rate of the radiolabeled IgGl (Fig. 4). 

The MST-HN Abdeg can reduce IgG concentrations in vivo 

The effect of injection of the MST-HN Abdeg on the levels of 
endogenous IgGs in the serum of mice was also analyzed. Endogenous 
(steady-state) serum IgG levels were determined, and mice were 
subsequently injected with either 500 ug MST-HN Abdeg or 500 ug 
wild-type human IgGl. Relative to treatment with wild- type 
human IgGl, injection of the MST-HN Abdeg resulted in significant 
decreases in endogenous serum IgG levels, which persisted for about 
96 h (4 d) (Fig. 5). 

Taken together, the data show that the MST-HN Abdeg reduced 
levels of both exogenous and endogenous IgGs in mice when used at 
doses that were substantially lower than the whole-body load of 
endogenous IgGs. Further, as we have analyzed the in vivo effects of 
the MST-HN Abdeg on IgG levels in both the serum compartment 
and whole body, our observations indicate that inhibition of FcRn 
function by Abdegs acted at diverse sites throughout the body. 

DISCUSSION 

Manipulating the Fc region rather than the variable regions of IgGs 
is a relatively unexplored approach whose potential is now beginning 
to be realized 2 . We have described a route to lower IgG levels in vivo 
by using IgGs engineered in their Fc region to target the IgG-FcRn 
interaction site. In contrast to earlier studies in which IgG-FcRn 
interactions were modulated to alter the in vivo persistence of a 
therapeutic antibody 24-26 , the Abdeg was designed to alter the 
levels of endogenous, unmanipulated IgGs by enhancing their 
clearance rates. 



Figure 4 Enhancement of clearance of injected wild-type human IgGl by 
MST-HN Abdeg. Swiss Webster mice (six mice/group) were injected with 
125 l-Iabeled wild-type human IgGl and the persistence of the labeled 
IgGl monitored by whole-body counting. Mice were injected with 500 ug 
wild-type human IgGl, or 200 ug or 500 ug MST-HN Abdeg, 72 h later 
(indicated by arrow). Levels of remaining 125 l-labeled human IgGl were 
determined at the indicated times. The data shown are means of the 
remaining radioactivity in the different groups of mice. Error bars 
indicate s.d. *, data for these time points for mice treated with 500 
or 200 ug MST-HN Abdeg are significantly different between the two 
groups, with P < 0.03 (Student's f-test). Data are representative 
of two independent experiments. 
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Figure 5 Enhancement of clearance of endogenous IgGs by MST-HN Abdeg. 
The serum IgG levels in Swiss Webster mice were quantitated by ELISA. 
Mice (6 mice/group) were subsequently injected with 500 ug wild-type 
human IgGl or 500 ug MST-HN Abdeg (indicated by arrow) and serum IgG 
levels monitored at the indicated times post-injection of these antibodies. 
Data shown are means of the serum IgG levels in the two different groups 
of mice, with s.d. indicated by error bars. *, data for these time points are 
significantly different between the two groups, with a P < 0.009 (Student's 
f-test). Data are representative of two independent experiments. 



FcRn is known to be involved in transporting IgGs within and 
■ across cells of diverse origin, and in so doing, to regulate IgG 
concentrations and transport throughout the body 4-11 ' 28 . We show 
that a mutated, human IgGl-derived antibody (MST-HN) with higher 
' affinity for binding through its Fc region to FcRn at both pH 6.0 and 
7.2 relative to its wild-type counterpart competes effectively with 
wild-type IgGs for FcRn-mediated transport. The binding properties 
of the Abdeg confer the ability to enhance the clearance of endogenous 
IgGs in mice. 

The intracellular routing of FcRn and its IgG ligand has recently 
been analyzed using live-cell fluorescence imaging 10,11 . Although the 
steady-state levels of FcRn on the plasma membrane are generally low 
relative to cytosolic levels 4-6 ' 10,14 ' 29 , FcRn is directly involved in 
exocytic events involving transported IgG at the plasma membrane 11 . 
^Surface expression of FcRn, even if only transient, would allow Abdegs 
■such as MST-HN to bind, which in turn would facilitate more efficient 
uptake relative to fluid-phase processes. The MST-HN Abdeg there- 
fore has several advantages over naturally occurring, pH-dependent 
IgGs in competing for FcRn binding. First, it can bind with high 
affinity at the cell surface. Second, it can outcompete IgGs that have 
lower affinity for FcRn within the sorting endosome 10 . Third, the 
mutated IgGl would not be efficiently released during exocytic events 
involving FcRn 11 . Thus, as shown here, the MST-HN Abdeg accumu- 
lates at substantially higher levels in FcRn-expressing endothelial cells 
relative to wild-type mouse and human IgGl. 

We have shown that the MST-HN Abdeg reduces mouse IgG levels 
both in serum and in the whole body. FcRn is expressed not only in 
endothelium but also in epithelia of the gut, lung and kidney 4,7,8 . We 
therefore expect that Abdegs such as MST-HN will have access to 
FcRn at a diverse array of body sites, including epithelial barriers. 

Enhanced IgG degradation in humans may be desirable in multiple 
therapeutic situations. For example, Abdegs could be tested for the 
treatment of diseases caused by high levels of autoreactive antibodies, 
such as systemic lupus erythematosus and immune thrombocytopenic 
purpura (ITP) 3,30 . Further, FcRn is directly involved in the materno- 
fetal transport of IgGs 31,32 , indicating that Abdegs might also be 
used to inhibit the passage of deleterious (auto) antibodies to the 
fetus. Alternatively, it may be possible to couple antibody-mediated 



clearance of toxins or drugs from the body with the subsequent 
delivery of an Abdeg to enhance degradation of IgG-antigen 
complexes. A possible disadvantage of using Abdegs in therapy is 
that they systemically induce degradation of all IgGs and are relatively 
nonspecific compared with therapies that target a particular protein. 
As a consequence, Abdegs might be more attractive as reagents in 
situations where short-term effects are desired, rather than as a 
long-term treatment modality. However, it might be possible to 
develop ways of targeting Abdegs to specific tissues so that local 
effects predominate. 

Intravenous gamma globulin (IVIG) has been used with some 
efficacy to treat autoimmune diseases such as ITR myasthenia gravis 
and multiple sclerosis 33 . However, the mechanisms of action under- 
lying these effects are a matter of debate. Proposed mechanisms 
include the blockade of Fey receptors on phagocytes, anti-idiotypic 
effects, activation of inhibitory Fey receptors and prevention of 
complement activation 34 " 36 . It has also been proposed that IVIG 
enhances clearance of endogenous, disease-associated IgGs 34,37 , and 
recent data in the murine K/BxN arthritis model support this 38 . 
However, the doses of IVIG that are needed to lower endogenous 
IgGs are in the range of the whole-body load of IgG. In contrast, 
owing to its competitive advantage in binding, the effective dose of 
MST-HN Abdeg (or any other Abdeg with equivalent properties) is 
much lower. Indeed, in the current study we show that wild-type 
human IgGl, when used at the same dose as the MST-HN Abdeg, has 
no effect on the clearance of endogenous IgGs in mice. This lack of 
effect is observed despite the approximately five- to tenfold higher 
affinity of (wild-type) human IgGl relative to mouse IgGs for binding 
to mouse FcRn 27 . 

Mouse and human FcRn have significant differences in binding 
specificities 39 . The molecular basis for this has recently been deter- 
mined by site-directed mutagenesis and binding studies 40 . However, 
despite these differences, relative to wild-type human IgGl the MST- 
HN mutant has increased affinity and reduced pH dependence for 
binding to both mouse and human FcRn. These binding properties 
for human FcRn suggest that the MST-HN mutant might have uses as 
an Abdeg in humans. In addition, other engineered IgG variants that 
share binding properties with the MST-HN mutant 26 may have 
activities as Abdegs. 

In summary, we show that it is possible to generate an IgG with a 
mutated Fc region that efficiently inhibits FcRn function. As a con- 
sequence, this Abdeg reduces the levels of IgGs in vivo. The similarities 
between human and mouse FcRn function suggest that analogous 
approaches may be effective in humans. The use of engineered anti- 
bodies that, through their Fc region, are effective inhibitors of FcRn 
function therefore offers a potential therapeutic modality for the 
t of antibody-mediated diseases. 



METHODS 

Mice. Swiss Webster mice (females, 6-8 weeks old) were purchased from 
Harlan Sprague and housed in the Animal Resources Center at UT South- 
western Medical Center. All procedures with mice were approved by the 
Institutional Review Board at UT Southwestern. 

Expression vectors. The expression vector for a humanized anti-lysozyme 
heavy chain (human IgGl 41 ) was generously provided by Jefferson Foote. The 
human IgGl constant region was mutated by the PCR with mutagenic 
oligonucleotides and splicing by overlap extension 42 . The following mutations 
were made: Met252 to Tyr, Ser254 to Thr, Thr256 to Glu, His433 to Lys and 
Asn434 to Phe ('MST-HN'). Sequences of mutagenic oligonucleotides are 
provided in Supplementary Data online. After mutagenesis, altered regions 
sure insertion of the desired mutation without second site 
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s. The mutated Fc gene was redoned into the final expression 
construct using standard methods. 

A plasmid-encoding mouse FcRn linked to enhanced GFP was generated 
using an analogous strategy to that described for human FcRn and the vector 
pEGFP-Nl 10 (Clontech). The mouse FcRn a-chain gene was isolated 
from murine SV40-transformed endothelial cells 43 . A mouse |)2-micro- 
globulin expression plasmid was generated using the PCR to redone the 
P2-microgIobulin gene from an insect cell vector 18 into pCB7 (ref. 44) 
(generously provided by Michael Roth, UT Southwestern Medical Center). 

Generation of transfectants for antibody expression. NSO cells expressing a 
human anti-lysozyme specific light chain (HuLys5 (ref. 41): generously 
provided by Jefferson Foote) were transfected by electroporation, and transfec- 
tants selected as described 41 . Culture supernatants were screened for expression 
of antibody by enzyme-linked immunosorbent assay (ELISA) using hen 
egg lysozyme (Sigma)-coated plates and horse radish peroxidase (HRP)- 
conjugated anti-human Fc (Sigma). Positive clones were expanded further 
for protein production. 

Expression, purification and labeling of recombinant proteins. Recombinant 
human IgGl proteins (wild type and MST-HN variant: both lysozyme specific) 
were purified from culture supernatants using lysozyme-sepharose as 
described 41 . Human IgGl was radiolabeled with 125 I using iodogen according 
to methods previously described 45 . 

The mouse (IgGl) anti-lysozyme antibody, D1.3, was purified from culture 
supernatants of the D1.3 hybridoma 46 (generously provided by Roy Mariuzza, 
Center for Advanced Research in Biotechnology, Rockville, MD, USA) using 
lysozyme-sepharose. Mouse or human IgGl (wild type or mutants) were 
labeled using Alexa 546 or Alexa 647 carboxylic acid, succimidyl ester and 
j methods recommended by the manufacturer (Molecular Probes). 

Recombinant, soluble human and mouse FcRn were expressed in High-Five 
cells (Invitrogen) infected with recombinant baculoviruses and protein purified 
as described 27 . 



Probes) for 60 min. Cells were washed, chased in medium for 40 min, and 
then washed, fixed and mounted for fluorescence microscopy analyses. 

Fluorescence microscopy. Images were acquired using a Zeiss Axiovert 200M 
inverted fluorescence microscope with a lOOx PlanApo objective as described 
previously 10 . Data were processed using custom written software in the 
programming language MatLab (MIAtool/LABSoft pl.0.0; http://www4. 
utsouthwestern.edu/wardlab/miatool) . 

ELISA. ELISA was used to determine total serum IgG levels in mice. We coated 
96-well plates with rabbit anti-mouse IgG (heavy-chain specific; Zymed) and 
then nonspecific sites were blocked with 1% bovine serum albumin in PBS. 
Dilutions (1:40,000-1:120,000) of serum samples were made in PBS and then 
added to the wells. Bound mouse IgGs were detected using HRP-conjugated 
rabbit anti-mouse IgG (heavy- and light-chain specific; Zymed). A standard 
curve was generated using purified mouse IgGs (The Binding Site). 

Analyses of the in vivo effects of mutated human IgGl molecules. To assess 
the effect of the mutated (MST-HN) human IgGl on the clearance of 
125 I-labeled wild-type human IgGl, mice were injected intraperitoneally with 
125 I-labeled human IgGl (wild type) and levels of radioactivity assessed by 
whole-body counting (using an AtomLab 100 Dose Calibrator). 72 h later, mice 
were injected intravenously with 500 ug of either wild-type human IgGl, or 500 
or 200 ug mutated (MST-HN) human IgGl. Six mice per treatment group were 
used. Levels of radiolabeled human IgGl were determined at the indicated times 
after injection of wild-type or mutated IgGl by whole-body counting. 

To analyze the effects of the mutated (MST-HN) human IgGl on the levels 
of serum IgGs in mice, IgG levels in serum samples taken at two different time 
points (24 h apart) were determined by ELISA (above). Mice were then injected 
intravenously with 500 ug wild-type human IgGl or 500 ug mutated (MST- 
HN) human IgGl. Six mice per treatment group were used. Serum levels of 
endogenous (mouse) IgGs were determined by ELISA at the indicated times 
after injection. 



Surface plasmon resonance analyses. Binding analyses of human or mouse 
FcRn with immobilized IgGs were carried out as described previously 27 ' 40 . 
However, the loss of pH dependence of the MST-HN mutant-mouse FcRn 
interactions necessitated the use of 100 mM glycine, 100 mM NaCl, pH 2.8 
buffer to 'strip' the flow cells after each injection at pH 6.0 (rather than the pH 
7.2 buffer used in earlier analyses for FcRn-IgG interactions 27 ). 

FcRn binds to two sites on IgG that are not equivalent 47 ' 48 . Data were 

^therefore fitted to a two-site binding model involving negative cooperativity 40 . 

jirrhis generated estimates for two dissociation constants (Krj[ and fCrj 2 ) that ate 
taken to represent occupancy of the higher affinity site (i? D1 ) followed by 
occupancy of the lower affinity site (JC D 2) 40 - 

Analyses of in vitro properties of IgGs. HMEC-1 cells (from the Centers for 
Disease Control; generously provided by F. Candal) were cotransfected with 
mouse FcRn-GFP and mouse (32-microglobulin expression plasmids using 
Amaxa nucleofector technology (Amaxa) and incubated in phenol red-free 
Hams 12K medium depleted of bovine IgGs as described 10 . To assess IgG 
uptake, about 20 h after transfection cells were incubated with 20 ug/ml of 
Alexa 647-labeled, wild-type human or mouse IgGl, or mutated human IgGl 
(MST-HN) at 37 °C in a 5% C0 2 incubator for 60 min. Cells were then washed, 
fixed and mounted for fluorescence microscopy as described 10 . 

To assess the recycling of mouse IgGl, transfected cells were incubated with 
20 ug/ml wild-type or mutated (MST-HN) human IgGl for 60 min as above, 
and Alexa 647-labeled mouse IgGl was added at a concentration of 250 ug/ml 
for a further 60 min. Cells were then washed and processed immediately (no 
chase) or incubated in phenol red-free Hams 12K medium for a further 
40 min. After each treatment, cells were trypsinized, washed and stored on ice. 
Amounts of cell-associated Alexa 647-labeled mouse IgGl at each time point 
were quantified by flow cytometry using a FACScaliber. Data were processed 
using WinMDI2.8 (J. Trotter, Scripps Research Institute, La Jolla, CA, USA). To 
assess the intracellular location of mouse IgGl in MST-HN pretreated trans- 
fectants, cells were pretreated as above and then incubated with 250 ug/ml 
Alexa 546-labeled mouse IgGl and Alexa 647-labeled dextran (Molecular 
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Purpose. To determine the optimal polyethylene glycol (PEG)-conjugate of octreotide by evaluating the 
effects of PEGylation chemistry on the biological activity and pharmacokinetic properties. 
Methods. Octreotide was chemically modified by reaction with succinimidyl propionate monomethoxy 
PEG (SPA-mPEG, molecular weight 2000) or succinimidyl butyraldehyde-mPEG (ALD-mPEG, mo- 
lecular weight 2000 and 5000). The structural conformation of PEG-octreotides was evaluated by cir- 
cular dichroism (CD), the biological activity was assessed by measuring the decrease of serum insulin- 
like growth factor-I levels in rats, and a pharmacokinetic study was performed after subcutaneous 
administration in rats. The stability against acylation was investigated with poly(D,L-lactide-co-glycolide) 
(PLGA). 

Results. ALD-mPEG was site-specific in PEGylating octreotide at the N-terminus. The mono-PEG- 
octreotides prepared with ALD-mPEG (mono-ALDPEG-octreotide), which alkyl bond preserves the 
amine's positive charge, showed complete preservation of biological activity, whereas the PEG- 
octreotides prepared with SPA-mPEG showed lower activity. In the CD analysis, the spectra of the 
mono-ALDPEG-octreotides were nearly superimposable with that of native octreotide. The mono- 
ALDPEG-5K-octreotide showed significantly improved pharmacokinetic properties compared with 
mono-ALDPEG-2K. -octreotide as well as native octreotide. Both mono-ALDPEG-2K- and mono- 
ALDPEG-5K-octreotides were stable against acylation by degrading PLGA. 

Conclusions. The mono-PEGylation of octreotide at N-terminus with ALD-mPEG produced a conju- 
gate that is biologically and structurally active and stable against acylation by PLGA, and therefore it 
may serve as a candidate for somatostatin microsphere formulations. 

KEY WORDS: biological activity; octreotide; site-specific PEGylation; pharmacokinetics; stability. 



INTRODUCTION 

Octreotide, a synthetic octapeptide analogue of somato- 
statin, is clinically used for the treatment of acromegaly and 
certain endocrine tumors (1,2). It has been commercially for- 
mulated in poly(D,L-lactide-co-glycolide) (PLGA) micro- 
spheres (Sandostatin LAR depot, Novartis Pharma, Basel, 
Switzerland) for intramuscular administration on a monthly 
basis. In addition to the convenience of a monthly injection, 
the depot preparations showed the same or even increased 
effectiveness compared with three-daily subcutaneous injec- 
tions in lowering growth hormone and insulin-like growth 
factor (IGF)-I (3). 

Although biodegradable poly(D,L-lactide) (PLA) and 
PLGA have been widely used for the long-term controlled 
release of peptides and proteins, the acidic microenvironment 
inside the matrix due to degradation of PLA and PLGA has 
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been reported to cause instability (4-6). Recently, it was 
shown that peptide impurities formed within the degrading 
PLA or PLGA matrix by acylation with lactic and glycolic 
acid units (7-9) and that lactoyl and glycoyl adducts of oc- 
treotide formed after in vitro incubation of microspheres in 
phosphate buffer saline (10). 

The covalent attachment of polyethylene glycol (PEG) 
to the peptide, PEGylation, appears to be a promising ap- 
proach for stabilizing octreotide because it has been widely 
used to improve the chemical and biological stability 
of salmon calcitonin, a 32-amino-acid peptide (11,12). 
PEGylated octreotide (PEG-octreotide) showed much better 
stability than native octreotide against acylation in lactic acid 
solutions (13). In addition, an interaction study with hydro- 
philic and hydrophobic PLGA showed that N-terminal 
PEGylation could effectively prevent acylation of octreotide 
by degrading PLGA (14). The stability of N-terminally 
PEGylated octreotide may be attributed to the lowered nu- 
cleophilic reactivity of the Lys residue in octreotide and the 
steric hindrance of the PEG strand. 

The objective of this study was to assess the best PEG- 
octreotide that is biologically active and stable against acyla- 
tion with PLGA for microsphere delivery. Besides the advan- 
tageous effects of PEGylation such as stabilization and longer 
circulation half-life, the problem of preserving the biological 
activity of biomolecules after PEGylation is particularly im- 



744 



Na, Lee, and DeLuca 



portant with a small peptide. A number of factors, for ex- 
ample, PEGylation site, PEG siyx, and linkage between pep- 
tide and PEG, can affect the biological activity (15). Mor- 
purgo et at. reported the effects of the type and location of 
PEGylation on the structural and biological activity of differ- 
ent mono-PEGylated somatostatin analogue RC160 (16). In 
the current study, PEG-octreotides with different PEGylation 
sites and linkages were prepared with two PEG reagents 
having different functional groups. PEGylation with the 
7V-hydroxysuccinimidyl ester-activated PEG nonspecifically 
resulted in two mono- and one di-PEG-octreotide, whereas 
that with aldehyde-activated PEG produced N-terminally 
mono-PEGylated octreotide in a site-specific manner (17). 
Their structural conformations were evaluated by circular di- 
chroism, and biological activity was assessed by measuring the 
decrease of serum IGF-I levels in rats. The pharmacokinetic 
parameters were assessed after subcutaneous administration 
to rats, and the stability against acylation by PLGA was 
evaluated. 

MATERIALS AND METHODS 
Materials 

Octreotide acetate (MW 1019.26) was obtained from 
Bachem (Torrence, CA, USA). Succinimidyl propionate- 
monomethoxy PEG (SPA-mPEG, MW 2000) and butyralde- 
hyde-mPEG (ALD-mPEG, MW 2000 and 5000) were pur- 
chased from Nektar Therapeutics (Huntsville, AL, USA). 
Hydrophilic 50:50 PLGA polymers (Resomer RG502H) was 
supplied by Boehringer Ingelheim (Ingelheim, Germany). Al- 
pha-cyano-4-hydroxycinnamic acid (a-CHCA), Endoprotein- 
ase Lys-C (from Lysobacter enzymogenes, sequencing grade), 
and dithiothreitol (DTT) were purchased from Sigma (St. 
Louis, MO, USA). Acetonitrile (HPLC grade) was supplied 
from Fisher Scientific (Fair Lawn, NJ, USA). Trifluoroacetic 
acid (TFA) was obtained from Pierce (Rockford, IL, USA). 
All other chemicals were of analytical grade and used as ob- 
tained commercially. 

PEGylation of Octreotide 

Site-specific PEGylation of N-terminus in octreotide 
with ALD-mPEG was carried out in the presence of 20 mM 
sodium cyanoborohydride (NaCNBH 3 ) in 0.1 M acetate 
buffer at pH 5. The reaction was performed with different 
molar ratios of 1:1, 1:2, and 1:3 (octreotide:ALD-mPEG) at 
4°C overnight. PEGylation with SPA-mPEG at a molar ratio 
of 1:1, 1:2, and 1:3 (octreotide:SPA-mPEG) was performed 
in 0.1 M sodium phosphate buffer (pH 6) for 1 h at room 
temperature. Each reaction was repeated in triplicate. The 
PEGylation reaction mixtures were loaded onto reversed- 
phase high-performance liquid chromatography (RP-HPLC) 
and the PEG-octreotides were isolated. The purified PEG- 
octreotides were freeze-dried after evaporation of organic 
solvent with a Speed-Vac (Eppendorf, Hamburg, Germany). 
The molecular weights of the PEG-octreotides were deter- 
mined by matrix-assisted laser desorption/ionization time-of- 
flight mass spectrometry (MALDI-TOF MS). 

Identification of PEGylation Sites 

PEGylation sites were identified as described previously 
(18,1.9). PEG-octreotides were treated with DTT at a final 



concentration of 5 mM for 4 h to reduce the disulfide bond. 
Thereafter, enzymatic digestion with endoproteinase Lys-C 
was performed in 0.1 M Tris-HCl buffer (pH 8.0) at 37°C with 
an enzyme to substrate ratio of 1:100 (w/w) for 4 h. The 
concentrations of PEG-octreotides were 200 ji.g/ml. The 
Lys-C digests were directly analyzed by MALDI-TOF MS. 
The PEGylation sites were determined by measuring molecu- 
lar weights of PEG-octreotide fragments digested with Lys-C. 

RP-HPLC 

The PEGylation reaction mixtures were loaded onto a 
HPLC system (2 LC-6A pumps, SIL-6B autoinjector, SPD- 
6AV detector and SCL-6B system controller from Simadzu 
Scientific Instruments, Inc., Columbia, MD, USA). A Pro- 
sphere C-18 column (4.6 x 250 mm, Alltech, Deerfield, IL, 
USA) with guard column (4.6 x 7.5 mm) was used with a 
mobile phase A (0.1% [v/v] TFA in water) and B (0.1% fv/v] 
TFA in acetonitrile). The gradient elution conditions for oc- 
treotides modified with SPA-mPEG and ALD-mPEG were 
65:35 to 50:50 and 70:30 to 40:60 (A:B), respectively, for 20 
min at a flow rate of 1.0 ml/min, and the chromatograms were 
recorded by UV detection at 215 nm. 

MALDI-TOF MS 

The molecular weights of the PEG-octreotides were ob- 
tained on a Kratos Kompact SEQ time-of-flight mass spec- 
trometer (Manchester, UK) (20). The a-CHCA in 50% ace- 
tonitrile in water with 0.1% TFA was used as matrix. Data for 
2-ns pulses of the 337-nm nitrogen laser were averaged for 
each spectrum in a linear mode, and a positive ion TOF de- 
tection was performed using an accelerating voltage of 20 kV. 

Circular Dichroism 

Circular dichroism (CD) spectra were recorded in the 
range of 190-250 nm with a Jasco J-710 spectropolarimeter 
(Easton, MD, USA) using a CD cell of 0.1-cm pathlength and 
a bandwidth of 1 nm. A scan speed of 20 nm/min was used 
with an average of five scans per sample. The spectra were 
expressed as the mean residue molar ellipticity in deg-cm 2 / 
dmol. Peptide concentrations were precisely determined by 
RP-HPLC and set to 200 jj-g/ml in 0.1 M: phosphate buffer 
(pH 7.4). 

Biological Activity 

Male Sprague-Dawley rats (n = 6 per sample), weighing 
220-250 g, were used to evaluate biological activity of octreo- 
tide and PEG-octreotides. The animals were housed in 
groups of two in a well-ventilated environment under con- 
trolled temperature (22 ± 1°C) and humidity (60 ± 5°C), with 
food and water available ad libitum. The octreotide and PEG- 
octreotides dissolved in water for injection (WFI) were in- 
jected subcutaneously at the back of the neck at a dose of 200 
y,g peptide/kg. The injections were repeated at 2, 24, and 26 h. 
A control group received WFI. Blood samples were removed 
from the tail vein at 0, 2, 4, 24, 26, 28, and 30 h, centrifuged in 
Microtainer tubes (Becton Dickinson, Franklin Lakes, NJ, 
USA), and the collected serum was frozen and stored at 
-20°C until analysis. The IGF-I levels were determined by 
radioimmunoassay (RI A) with a Rat IGF-I RIA kit having a 
sensitivity of 21 ng/ml (Diagnostic Systems Laboratories, 
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Webster, TX, USA). Serum IGF-I levels of the animal prior 
to administration of octreotide were set to 100% (initial 
value), and the averaged IGF-I levels after administration (at 
26, 28, and 30 h) were expressed as percent of initial value. 

Pharmacokinetic Study 

Octreotide and PEG-octreotides in WFI (100 M-g/ml) 
were subcutaneously injected into male Sprague-Dawley rats 
weighing 220-250 g (n = 6 per sample) at a dose of 100 (j.g/kg 
octreotide. Samples were taken at 0, 0.5, 1, 2, 3, 4, and 6 h, and 
the serum octreotide levels were determined by RIA (Penin- 
sula Laboratories Inc., San Carlos, CA, USA). A standard 
calibration curve was constructed using native or mono- 
ALDPEG-octreotides. Pharmacokinetic parameters were de- 
termined using a noncompartmental pharmacokinetic model 
using WinNonLin 4.1 software (Pharsight, Mountain View, 
CA, USA). 

Interaction with Polymers 

One hundred milligrams of RG502H was added to 10 ml 
of octreotide or mono- ALDPEG-octreotide (peptide concen- 
tration of 200 u,g/ml) in 0.1 M phosphate buffer (pH 7.4) at 
37°C. Samples were collected at 1, 3, 7, 14, 21, 28, 35, 42, and 
49 days, centrifuged, and the supernatant analyzed by RP- 
HPLC. The gradient elution conditions for octreotide and 
mono- ALDPEG-octreotide were 80:20 to 65:35 and 70:30 to 
40:60 (A:B), respectively, for 20 min at a flow rate of 1.0 
ml/min, and the chromatograms were recorded by UV detec- 
tion at 215 nra. 

Statistical Analysis 

The biological activity and pharmacokinetic parameters 
were subjected to an unpaired Student's t test using Microsoft 
Excel Software. A p value <0.05 was considered as significant. 

RESULTS AND DISCUSSION 

Preparation and Characterization of PEG-Octreotides 

General amine PEGylation using SPA-mPEG with 
iV-hydroxysuccinimide (NHS) ester structure will modify the 
N-terminus and Lys residue of octreotide, whereas that with 
ALD-mPEG, having an aldehyde group, can be site-specific 
for the N-terminus in the presence of sodium cyanoborohy- 
dride at acidic pH (Fig. 1). Specific PEGylation at the 
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Fig. 2. RP-HPLC chromatograms of octreotides reacted with ALD- 
mPEG -2K. The reaction molar ratios (octreotide:ALD-mPEG-2K) 
were 1:2 (a) and 1:3 (b). 



N-terminus is based on the difference in reactivity of the 
a-amino group in the N-terminus (pK a = 7.8) and e-amino 
group in the Lys residue (pK a = 10.1) at acidic pH (21). The 
N-terminally site-specific PEGylation with ALD-mPEG 
forms a secondary amine linkage and\hus preserves the posi- 
tive charge on the N-terminal amino group, whereas the 
PEGylation with SPA-mPEG leads to an amide bond, which 
removes the charge on the amino groups of the N-terminus or 
Lys residue. 

Figure 2 shows the RP-HPLC chromatograms of octreo- 
tide and ALD-mPEG-2K mixtures at different molar ratios. 
The mono- ALDPEG-octreotide was preferentially produced 
at a molar ratio of 1:3 (octreotide:ALD-mPEG-2K). Table I 
shows the characterization of the PEG-octreotides by 
MALDI-TOF MS after isolation by RP-HPLC and Lys C 
digestion. Three PEG-octreotides were produced with SPA- 
mPEG, that is, mono-SPAPEG-Phe 1 -, mono-SPAPEG-Lys 5 -, 
and di-SPAPEG-octreotide, while a single mono ALDPEG- 
Phe l -octreotide was produced with ALD-mPEG-2K and -5K 
reagents. The PEGylation sites were determined by measure- 
ment of the mass change based on the PEG resistance to the 
proteolytic cleavage during Lys C digestion (18,19). As the 
octreotide has only one lysine residue, PEGylation at this site 
would show no mass change when treated with Lys-C after 

Table I. Characterization of PEG-Octreotides by MALDI-TOF MS 





Mass" of insect 


Lys C 


Sample 


molecule 




Mono-ALDPEG-2K-Phe' -octreotide 


3287 


2934 


Mono- ALDPEG-5K-Phe ] -octreotide 


6505 


6149 


Mono-SPAPEG-2K-Phe l -octreotide 


3243 


2930 


Mono-SPAPEG-2K-Lys 5 -octreotide 


3242 


3242 


Di-SPAPEG-2K-octreotide 


5534 


5534 



The molecular mass of octreotide is 1019 Da. 

" The number is centroided mass value of the polydisperse peaks. 
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Table II. PEGylation of Octreotides at Various Molar Ratios 



Molar ratio 



PEG (octreotide:PEG) Octreotide Mono-PEG-Phe^octreotide Mono-PEG-Lys 5 -octreotide Di-PEG-octreotide 

ALD-PEG-2K 1:1 52 ± 3.9 48 ±3.9 — — 

1:2 13 ± 2.2 83 ±3.5 — 4 ±1.0 

1:3 1±0.2 89 ±2.9 — 10 ±1.2 

ALD-PEG-5K 1:1 27 ±4.1 73 ±4.1 — — 

1:2 8 ±1.5 90 ±3.0 — 2 ±0.8 

1:3 76 + 2.8 24 ±2.8 

SPA-PEG-2K 1:1 58 ±2.6 28 ±3.1 10 ±2.2 4 ±1.8 

1:2 23 ± 2.3 44 ±3.8 13 ± 2.9 20 ±1.4 

1:3 10 ±1.1 44 ±3.2 11 ± 1.9 35 ±2.6 

" Mean value ± SD, n = 3. 



reduction of the disulfide bond with DTT. However, such 
treatment of the mono-PEG-octreotide modified at the 
N-terminus would result in the reduced mass fragment. The 
mass changes of approximately 350 Da in the raono- 
ALDPEG forms demonstrate site-specific PEGylation at the 
N-terminus. The identities of mono- and di-SPAPEG-2K- 
octreotides were also confirmed by measuring their intact and 
Lys-C treated masses. 

To optimize site-specific PEGylation condition and in- 
vestigate the site-specificity, the PEGylation reactions of oc- 
treotide with ALD-mPEG-2K, -5K, and SPA-mPEG-2K 
were monitored at different molar ratios (Table II). The 
PEGylation with ALD-mPEG-2K and -5K resulted in pro- 
duction of each mono-ALDPEG-octreotide with a yield of 
approximately 90%. When the reaction was performed at the 
molar ratio of 1:3 (octreotide: ALD-mPEG), the area percents 
of di-ALDPEG-2K- and di-ALDPEG-5K-octreotides in re- 
action mixtures were 10% and 24%, respectively. As the pres- 
ence of di-ALDPEG-octreotide causes difficulty in separating 
the mono-ALDPEG-octreotide, the molar ratio of 1:2 was 
selected for isolating each mono-ALDPEG-octreotide. The 
PEGylation using SPA-mPEG-2K was performed at pH 6 
because the ot-amino group of the N-terminus is more suscep- 
tible to the PEGylation reaction at low pH (12). However, the 
yield of mono-SPAPEG-Phe^octreotide did not exceed 44%. 

Structural Study by Circular Dichroism 

Figure 3 shows the CD spectra of octreotide and the 
mono-PEG-octreotides prepared with ALD-mPEG-2K, -5K, 
and SPA-mPEG-2K. The spectra of intact octreotide and 
mono-PEG-octreotides prepared with ALD-mPEG-2K and 
-5K were nearly superimposable in the range of 190 to 250 
nm, suggesting that PEGylation using ALD-mPEG had no 
significant effect on the secondary structure of the octreotide. 
However, mono-PEG-octreotides prepared with SPA- 
mPEG-2K showed spectral changes in the range of 190 to 210 
nm, which might indicate some conformational modification. 
This result strongly supports the importance of the positive 
charge for preserving the structural conformation after 
PEGylation, as previously reported by Morpurgo et al. with 
PEGylated RC160 (16). Concerning the possibility of the in- 
volvement of thiol group from the reduction of disulfide bond 
with N-terminal PEGylation using ALD-mPEG and NaC- 
NBH 3 , no spectral change of mono-ALDPEG-octreotides 
suggests that the disulfide bond is stable and not involved in 



the PEGylation process because the reduction of disulfide 
bond substantially changes the spectra (22). 

Biological Activity 

Octreotide substantially reduces growth hormone and 
IGF- 1 levels in patients with acromegaly (2). It binds with a 
high affinity to somatostatin receptor subtype 2 and 5 and 
Phe 3 -Trp 4 -Lys 5 -Thr 6 in the structure is known to be essential 
for biological activity (23). Serum IGF-I is an important 




190 200 210 220 230 240 250 



Wavelength (nm) 

Fig. 3. Circular dichroism of octreotides modified with ALD-mPEGs 
(a) and SPA-mPEGs (b). The concentrations of PEG-octreotides 
were set equivalent to 200 |xg/ml of octreotide. 
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Fig. 4. Biological activities of octreotide and PEG-octreotides. (a) 
Effect of octreotide on rat IGF-I serum levels after subcutaneous 
administration at 0, 2, 24, and 26 h. *Significantly different from 
control, (b) The changes of rat IGF-I serum levels after 24 h after 
subcutaneous administration of octreotide and PEG-octreotides (1, 
octreotide; 2, mono-ALDPEG-2K-octreotide; 3, mono-ALDPEG- 
5K-octreotide; 4, mono-SPAPEG-2K-Lys 5 -octreotide; 5, mono- 
SPAPEG^K-Phe^octreotide; 6, di-SPAPEG-2K-octreotide). Sig- 
nificant differences from native octreotide: *p < 0.05; **p < 0.01. 
Mean ± SD, n = 6. 



marker for diagnosis of acromegaly and monitoring the 
efficacy of treatment (24). The biological activity of 
PEG-octreotides was evaluated by measuring the capability 
to decrease serum IGF-I levels in rats. As the IGF-I levels 
drop slowly in response to somatostatin analogues, mul- 
tiple samples were administered (25). Figure 4a shows the 
effect of octreotide serum IGF-I levels after subcutaneous 
administration to rats. After 24 h, native octreotide showed a 
reduction of approximately 20% in serum IGF-I levels com- 
pared with the initial level. Figure 4b represents the changes 
of IGF-I levels after 24 h in rats subcutaneously administered 
with native octreotide and PEG-octreotides. The mono- 
ALDPEG-octreotides prepared with ALD-mPEG-2K and 
-5K showed higher reductions of IGF-I levels than the PEG- 
octreotides prepared with SPA-mPEG. The reduction with 
mono-ALDPEG-2K-octreotide was comparable to native oc- 
treotide. Compared to mono-ALDPEG-2K-octreotide, the 
lower bioactivity of mono-ALDPEG-5K-octreotide may be 



Octreotide 
- mono-ALDPEG-2K-octreotide 
mono-ALDPEG-5K-octreotide 




Time (hr) 

Fig. 5. Average serum concentration-time curves after subcutaneous 
administration of octreotide, mono-ALDPEG-2K-, and mono- 
ALDPEG-5K-octreotide. Mean ± SD, n = 6. 



attributed to the effect of steric hindrance of PEG on receptor 
binding. The biological activities of the two mono-SPAPEG- 
2K-octreotides with different PEGylation sites were not sta- 
tistically different suggesting the PEGylation site might not 
have an effect on the biological activity. Di-SPAPEG-2K- 
octreotide appeared to be inactive. These results further sup- 
port the importance of the positive charge for preserving the 
biological activity. The biological activity of somatostatin ana- 
logues depends on both their affinity for the cellular receptor 
and in vivo stability. The presence of the positive charge in 
the primary amino groups of octreotide may be related to the 
binding affinity to the receptor. 

Pharmacokinetic Study 

PEGylation has been successful in improving the phar- 
macokinetic properties of peptides and proteins by virtue of 
increasing the molecular mass and providing protection 
against proteolytic enzymes (26). Figure 5 shows the average 
serum concentration-time profiles of octreotide, mono- 
ALDPEG-2K-, and mono-ALDPEG-5K-octreotide after 
subcutaneous administration. Although the profile of mono- 
Table III. Pharmacokinetic Parameters in Rats After Subcutaneous 
Administration of Octreotide and PEG-Octreotides (n = 6 per Sample) 





Octreotide 


mono-ALDPEG- 
2K-octreotide 


mono-ALDPEG- 
5K-octreotide 


C max (ng/ml) 


30.8 ±2.2 


33.4 ±3.2 


31.9 ±2.9 


ha CO 


0.87 ±0.3 


0.83 ± 0.3 


1.61 ± 0.6" 


AUC 0 . lasl 


54.2 ±4.9 


62.7 ± 4.6 


98.0 ± 6.7" 


(ng ■ h/ml) 








AUC 0 ^ 


54.6 ± 4.8 


63.2 ± 4.3 


108.3 ± 6.5" 


(ng • h/ml) 








CI (ml/h) 


18.3 ±1.9 


15.8 ± 1.2 


9.2 ±1.4" 


V. (nil) 


22.9 ± 2.4 


18.3 ± 1.4 


21.5 ±2.4 


MRT (h) 


1.46 ±1.1 


1.52 ± 0.8 


2.78 ± 1.5° 



Mean value ± standard deviation. C max , maximum concentration; t m , 
biological half-life; AUC, area under the curve; CI, systemic clear- 
ance; V^., volume of distribution at steady state; MRT, mean resi- 

" Significantly different from native octreotide (p < 0.05). 
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-v— Acylated Octreotides 




Time (days) 

Fig. 6. Interaction of octreotide and mono-ALDPEG-octreolides 
with PLGA in 0.1 M phosphate buffer (pH 7.4) at 37°C. Mean ± SD, 



ALDPEG-2K-octreotide was not significantly different from 
that of native octreotide, mono-ALDPEG-5K-octreotide 
showed higher serum levels after 1 h compared with octreo- 
tide and mono-ALDPEG-2K-octreotide. The pharmacoki- 
netic parameters are shown in Table III. The mono- 
ALDPEG-5K-octreotide had a longer circulation half-life 
(f 1/2 : 1.61 h) than native octreotide (t U2 : 0.87 h) and mono- 
ALDPEG-2K-octreotide (f 1/2 : 0.83 h). The AUC was signifi- 
cantly higher for mono-ALDPEG-5K-octreotide than for na- 
tive octreotide (108.3 vj. 54.6 ng-h/ml). The systemic clear- 
ance was significantly lower for mono-ALDPEG-5K- 
octreotide than for native octreotide (9.2 vs. 18.3 ml/h). The 
molecular size of PEG plays a crucial role in increasing the 
circulation time by decreasing the glomerular filtration rate 
and increasing resistance to proteolytic digestion (26). Knauf 
et al. examined the effects of PEG size on pharmacokinetic 
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Fig. 7. RP-HPLC chromatograms of mono-ALDPEG-2K- 
octreotides incubated in 0.1 M sodium phosphate buffer (pH 7.4) at 
37°C for 42 days. 



behavior using intcrlcukin-2 modified with PEGs of different 
molecular mass ranging from 0.35 to 20 kDa (27). The circu- 
lation half-life remained unaltered with a molecular mass in- 
crease of 4 kDa, but increased at a molecular mass >8 kDa. In 
this study, the attachment of PEG-5K significantly increased 
the half-life and AUC of octreotide, whereas PEG-2K did not 
significantly alter the pharmacokinetic behavior. 

Stability Against Acylation by PLGA 

Figure 6 shows the interaction of mono-ALDPEG- 
octrcotides with hydrophilic PLGA (RG502H) in 0.1 M phos- 
phate buffer (pH 7.4) at 37°C. PEGylation of octreotide de- 
creased the initial adsorption to PLGA. Although approxi- 
mately 95% of the native octreotide was adsorbed within 1 
day, the initial adsorption of mono-ALDPEG-2K and mono- 
ALDPEG-5K-octrcotide was 46.2% and 19.9%, respectively. 
The increase of PEG size is shown to inhibit the interaction 
with PLGA due to the steric hindrance. As the adsorption is 
related to the ionic interaction between the carboxylic end 
groups of the polymer and the primary amino groups of pep- 
tide (14), PEG strands might interfere with attraction of the 
Lys residue to the polymer. At day 28, both mono-ALDPEG- 
2K- and mono-ALDPEG-5K-octreotides were entirely recov- 
ered in an intact form unlike native octreotide with 67% of 
acylated impurities at day 42. Figure 7 shows RP-HPLC chro- 
matograms of mono-ALDPEG-2K-octreotides before and af- 
ter incubation with RG502H at pH 7.4 for 42 days. Besides 
the peaks from the degraded PLGA before 10 min of reten- 
tion time, only the intact mono-ALDPEG-2K-octreotide was 
observed with the same peak shape. 

CONCLUSIONS 

N-terminally PEGylated octreotides prepared with the 
alkyl bond in a site-specific manner showed better structural 
and biological activity than nonspecifically PEGylated octreo- 
tide with amide bond. Both mono-PEG-octreotides prepared 
with ALDPEG-2K and -5K were also stable against acylation 
by degrading PLGA. The attachment of ALDPEG-5K to oc- 
treotide significantly improved the pharmacokinetic proper- 
ties compared with that of ALDPEG-2K. 
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Summary. Due to the obvious advantages of long-acting peptide and 
protein drugs, strategies to prolong plasma half life time of such com- 
pounds are highly on demand. Short plasma half life times are commonly 
due to fast renal clearance as well as to enzymatic degradation occurring 
during systemic circulation. Modifications of the pcptide/protein can lead 
to prolonged plasma half life times. By shortening the overall amino acid 
amount of somatostatin and replacing L-analogue amino acids with D- 
amino acids, plasma half life time of the derivate octreotide was 1.5 hours 
in comparison to only few minutes of somatostatin. A PEG 2 , 4 ok conjugate 
of INF-a-2b exhibited a 330-fold prolonged plasma half life time com- 
pared to the native protein. It was the aim of this review to provide an 
overview of possible strategies to prolong plasma half life time such as 
modification of N- and C-terminus or PEGylation as well as methods to 
evaluate the effectiveness of drug modifications. Furthermore, fundamen- 
tal data about most important proteolytic enzymes of human blood, liver 
and kidney as well as their cleavage specificity and inhibitors for them are 
provided in order to predict enzymatic cleavage of peptide and protein 
drugs during systemic circulation. 

Keywords: Peptides - Proteins - Plasma half life time - N-C-terminus - 
PEGylation 



Introduction 

Due to the great progress in the field of recombinant tech- 
nology and biotechnology, it is possible to produce a large 
number of peptides and proteins in commercial quantities. 
The majority of these drugs are administered via parenteral 
routes. Although it is possible to produce a multitude of 
peptide and protein based drag candidates, many drags 
which exhibit promising pharmacological activities fail 
to show convincing effects in vivo. This is due to various 
reasons, including low stability or unexpected immuno- 
genicity and toxicity. One main problem is that several 
therapeutic peptides and proteins exhibit a short plasma 



half life time. Peptides and proteins often display half life 
times in the range of few minutes to few hours. Half life 
times of only few minutes are in most cases not effective in 
order to deliver sufficient drug amounts to the target tissue. 
Short plasma half life times are commonly due to fast renal 
clearance which is connected to the hydrophilic properties 
of most of these agents as well as their often small size or 
to enzymatic degradation caused by enzymes occurring in 
blood, liver and kidney. Strategies to prolong plasma half 
life time may lead to improved pharmacokinetic profiles of 
established drugs and may even offer new indications for 
drag use. Moreover, prolongation of plasma half life time is 
often a prerequisite for numerous drag candidates for their 
clinical use at all. 

A well known example for a targeted modification is 
octreotide, a drug which is used in the treatment of gastro- 
intestinal tumors. It is a synthetic peptide based on the 
amino acid sequence of the endogen hormone somatostat- 
in, which is a 14-peptide tetradecapeptide that inhibits 
pancreatic exocrine and endocrine secretion. Its clinical 
application has been limited by its short half life time of 
only few minutes. To overcome this drawback, octreotide 
was developed. By shortening the overall amino acid 
sequence of somatostatin from 14 to 8 and the replace- 
ment of L-amino acids by D-amino acids, the enzymatic 
stability was enhanced which consequently led to an 
improvement of plasma half life time from few minutes 
up to 1.5 hours (Harris, 1994). 

Due to the fact that a broad variety of proteolytic 
enzymes occur in the human body, it is important to 
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Table 1. Tissue source of : 
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peptidases / proteases 



EC number Recommended name and synonyms Blood Liver Kidney 



2.3.2.2 


Gamma-glutamyltransf erase 


X 


X 


X 




gamma-glutamyl transpeptidase, gamma-GPT, gamma-GTase, GGT 








3.1.2.12 


S-formylglutathione hydrolase 




X 






FGH, Ubiquitin thiolesterase 12 








3.3.2.6 


Leukotriene-A4 hydrolase 




X 


X 




LTA-4 hydrolase 








3.4.11.1 


Leucyl aminopeptidase 




X 


X 




aminopeptidase I, cathepsin III, cytosol aminopeptidase, 










FTBL protein, peptidase S 








3.4.11.2 


Membrane alanyl aminopeptidase 


X 








amino-oligopeptidase, aminopeptidase M, aminopeptidase N, aminopeptidase, 










microsomal, APN, CD13 








3.4.11.3 


Cystinyl aminopeptidase 




X 


X 




alpha-Aminoacyl-peptide hydrolase, insulin-regulated aminopeptidase, IRAP, 










oxytocinase, P-LAP 








3.4.11.4 


Tripeptide aminopeptidase 






X 




peptidase T 








3.4.11.5 


Prolyl aminopeptidase 




X 






cytosol aminopeptidase V 








3.4.11.6 


Aminopeptidase B 




X 






L-RAP, leukocyte-derived arginine aminopeptidase 








3.4.11.7 


Glutamyl aminopeptidase 


X 




X 




aminopeptidase A, angiotensinase A, glutamyl aminopeptidase 








3.4.11.9 


X-Pro aminopeptidase 


X 




X 




aminopeptidase P, AP-P 








3.4.11.14 


Cytosol alanyl aminopeptidase 




X 


X 




Aminopolypeptidasc, tripcptidasc 








3.4.13.3 


X-His dipeptidase 


X 


X 


X 




aminoacyl-L-histidine hydrolase, carnosinase 








3.4.13.9 


X-Pro dipeptidase 




X 


X 




post-proline-cleaving aminopeptidase, prolidase, quiescent cell proline 










dipeptidase 








3.4.13.18 


Cytosol nonspecific dipeptidase 


X 


X 


X 




DPP8, human cytosolic non-specific dipeptidase, prolyl dipeptidase 








3.4.13.19 


Membrane dipeptidase 






X 




MBD, nonspecific dipeptidase 








3.4.13.20 


Beta-Ala-His dipeptidase 
serum carnosinase 


X 






3.4.14.1 


Dipeptidyl-peptidase I 






X 




cathepsin C, cathepsin J, dipeptidyl aminopeptidase I 








3.4.14.2 


Dipeptidyl-peptidase II 


X 




X 




dipeptidyl peptidase, DP II, DPP-II 








3.4.14.5 


Dipeptidyl-peptidase IV 


X 




X 




(GLPl)-degrading enzyme, ADA binding protein, ADABP, adenosine deaminase 










binding protein, attractin, CD26, DP IV, glucagon-like peptide 1-degrading enzyme 








3.4.15.1 


Peptidyl-dipeptidase A 


X 


X 


X 




ACE, angiotensin converting enzyme, peptidase P, peptidyl dipeptidase A 








3.4.16.2 


Lysosomal Pro-X carboxypeptidase 


X 




X 




endothelial cell prekallikrein activator, HUVEC PK activator, matrix PK 










activator, PKA, PRCP, prolylcarboxypeptidase, serine protease 










prolylcarboxypeptidase 








3.4.17.2 


Carboxypeptidase B 


X 








HBCPB, PCB 








3.4.17.3 


Lysine carboxypeptidase 


X 


X 


X 




carboxypeptidase N, CPN, Plasma carboxypeptidase B 








3.4.17.20 


Carboxypeptidase U 


X 


X 






CPR, TAFI, thrombin-activatable fibrinolysis inhibitor 
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Recommended name and synonyms 



3.4.17.21 


Glutamate carboxypeptidase II 
Prostrate-specific membrane antigen 


X 








cathepsin Z, cysteine-type carboxypeptidase 










aminopeptidase, pyroglutamate, PGPEP1 










carboxypeptidase G, folic acid conjugase, polyglutamate hydrolase 










Complement subcomponent Cls 




x 




3421 42 


protease Cls 










factor seven activating protease, FSAP, PHBP 










MASP-1, PlOO^RaRF 










HtrA 










K5, kallikrein protein 5, SCTE, strateum-corneum trypsin-like serine protease 








3.4.22.16 


cathepsin H 




X 


X 




APAF, ICE-like apoptotic protease 6 








3 4 22 B40 


IChT protease TX protease 




x 


x 


3.4.22.B41 


caspase-5 




X 




3.4.23.45 


memapsin 1 






X 


3.4.24.11 


Neprilysin 

leukemia antigen, CALLA, Endopeptidase-2, neutral metallendopeptidase 


X 




X 


3.4.24.18 


meprin A 
PPH alpha 






X 


3.4.24.80 


membrane-type matrix metalloproteinase- 1 




X 




3.4.24.81 


ADAM 10 endopeptidase 
metalloproteinase MADM 






X 


3.4.24.86 


ADAM 1 7 endopeptidase 

H-TACE, metalloprotease TACE, TNF-alpha processing protease 


X 




X 


3.4.24.B9 


ADAM9 endopeptidase 

cellular disintegrin-related protein, M 12.209, MDC-9, meltrin gamma 




X 




3.4.24.B13 


ADAMTS13 endopeptidase 

M12.241, van Willebrand factor processing activity, vWF protease 


X 


X 


X 



identify the potential enzymes that degrade a certain pep- 
tide or protein during systemic circulation. Beside the 
knowledge regarding tissue localisation of various pepti- 
dases and proteases, their cleavage specificity is of partic- 
ular interest. In the context of enzymatic degradation 
during systemic circulation, blood, liver and kidney are 
most important. In order to modify peptides and proteins 
in an appropriate way to enhance their stability and pro- 
long their plasma half life time it is therefore necessary to 
know which enzymes cleave the drug and what cleavage 
specificity is exhibited by the particular proteolytic 



enzyme. Beside of proteolytic enzymes, several other 
types of drug-metabolizing enzymes (DME) occur within 
the human body such as Cytochrome P450 enzymes. Var- 
ious reviews dealing with the topic of predicting drug 
metabolism and human pharmacokinetic parameters from 
in vitro as well as preclinical data are already published 
(Pelkonen et al., 2005; Obach et al., 1997; Chaturvedi 
et al., 2001). 

It was therefore the aim of this review to provide an 
overview of the various peptidases and proteases occur- 
ring in human blood, liver and kidney and about their 
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cleavage specificity. Furthermore, methods to evaluate the 
protective effect of modifications to improve metabolic 
stability as well as strategies to prolong plasma half life 
time of peptides and proteins shall be discussed. 

1. Systemic peptidases and proteases 
affecting plasma half life time 

Referring to plasma half life time, most important com- 
partments concerning enzymatic degradation of peptides 



and proteins are in first instance blood, liver and kidney. 
Orally administered peptides or proteins, which are 
absorbed from the stomach or the intestine, are trans- 
ported in the venous blood via the vena portae through 
the liver to enter systemic circulation. 

Parenteral administered drugs have to pass liver and 
kidney, which are with more than 1 liter blood/min 
organs which are very well supplied with blood. The liver 
as well as the kidney contains several proteolytic en- 
zymes. In the kidneys, glomerular ultrafiltrate is pressed 



;s of human blood, liver ai 



3.3.2.6 
3.4.11.1 



3.4.11.4 
3.4.11.5 
3.4.11.6 

3.4.11.7 

3.4.11.9 

3.4.11.14 

3.4.14.1 

3.4.14.2 

3.4.14.5 

3.4.19.3 
3.4.22.16 
3.4.24.86 



Specificity 

bifunctional enzyme acting as an epoxid hydrolase and 
also as an aminopeptidase 

release of an N-terminal amino acid, Xaa-/-Yaa-, in which 
Xaa is preferably Leu, but may be other amino acids including 
Pro although not Arg or Lys, and Yaa may be Pro. Amino acid 
amides and methyl esters are also readily hydrolysed, but 
rates on arylamides are exceedingly low 

release of an N-terminal amino acid, Xaa-/-Xbb- from a 
peptide, amide or arylamide. Xaa is preferably Ala, but may 
be most amino acids including Pro (slow action). When a 
terminal hydrophobic residue is followed by a prolyl residue, 
the two may be released as an intact Xaa-Pro dipeptide 

release of an N-terminal amino acid, Cys-/-Xaa-, in which the 
half-cystine residue is involved in a disulphide loop, notably 
in oxytocin or vasopressin. Hydrolysis rates on a range of 
aminoacyl arylamides exceed that for the cystinyl derivative, 
however 

release of N-terminal residue from tripeptide 

release of N-terminal proline from peptide 

release of N-terminal Arg and Lys from oligopeptides when 

PI' is not Pro, also acts on arylamides of Arg and Lys 
release of N-terminal glutamate (and to a lesser extend 

aspartate) from a peptide 
release of any N-terminal amino acid, including proline, that is 

linked to proline, even from a dipeptide or tripeptide 
release of N-terminal amino acid, preferentially alanine, from a 

wide range of peptides, amides and arylamides 
release of an N-terminal dipeptide, Xaa-Xbb-/-Xcc, except when 

Xaa is Arg or Lys, or Xcc is Pro 
release of an N-terminal dipeptide, Xaa-Xbb-/-Xcc, 

preferentially when Xbb is Ala or Pro. Substrates are 

oligopeptides preferentially tripeptides 
release of an N-terminal dipeptide, Xaa-Xbb-/-Xcc-, from a 

polypeptide, preferentially when Xbb is Pro, provided Xcc 

is neither Pro nor hydroxyproline 
release of an N-terminal pyroglutamyl group from a 

polypeptide, the second amino acid generally not being Pro 
hydrolysis of proteins, acting as an aminopeptidase as well as 

an endopeptidase 
narrow endopeptidase specificity. Cleaves 

Pro-Leu-Ala-Gln-AlaVal-Arg-Ser-Ser-Ser in the 

membrane-bound, 26-kDa form of tumor necrosis factor 

a (TNFa). Similarly cleaves other membrane-anchored, 

cell-surface proteins to "shed" the extracellular domains 



Cytosol (erythrocyte, leukocyte, liver) 

(Samuelsson et al., 1989) 
Cytoplasm (liver) (Kohno et al., 1986) 



Lysosome, mitochondrion, nucleus soluble 
(Lampelo et al., 1979), membrane 
(placenta, serum) (Matsumoto et al„ 2000) 



Cytosol (leukocyte) (Mendz et al., 1989) 
Particle bound (intestine) (Sterchi et al., 19 



Cytosol (leukocyte, platelet) (Cottrell et al., 2000), 
extracellular (plasma) (Adam et al., 2002) 



Lysosome (kidney) (Cigic et al., 1999) 



Extracllular (seminal plasma, serum), 
membrane (kidney) (Oefner, 2003) 



Cytoplasm (fibroblast, leukocyte) 

(Reddy et al., 2000), membrane (kidney) 
(Schloendorff, 2000) 



Table 3. Carboxypeptidases of human blood, liver and kidney 



EC number 


S ecificit 
peci ci y 


Localization 
iz ion 


. . . 


re ease o a terminal ipepti e, o igopeptide / Xaa Xbb^ 


Membrane (kidney) 




w en aa is not ro, an is neit er sp nor u. us, 


(Takada et al., 1981) 




conversion of angiotensin I to angiotensin II, with increase in 






vasoconstrictor activity but no action on angiotensin II 




3 4 16 2 


cleavage of a Pro-/-Xaa bond to release a C-terminal amino acid 


Lysosome (kidney), membrane 






(umbilical vein endothelial cell line) 






(Shariat-Madar et al., 2004) 


3.4.17.2 


preferential release of a C-terminal lysine or arginine amino acid 




3.4.17.3 






3.4.17.20 


release of C-terminal Arg and Lys from a polypeptide 




3.4.17.21 


release of an unsubstituted, C-terminal glutamyl residue, typically 


Membrane (prostate gland) 




from Ac-Asp-Glu or folylpoly-gamma-glutamates 


(Gregorakis et al., 1998) 


3.4.18.1 


release of C-terminal amino acid residues with broad specificity, but 











out of the plasma. Molecules with a molecular mass 
below 5 kDa and which are not bound to plasma proteins 
can pass the filter completely, whereas for example only 
1% of albumin with a molecular mass of 69 kDa can be 
found in the glomerular ultrafiltrate. Also secretive and 
absorbtive mechanisms play an important role. 

Regarding enzymatic stability, it has to be distinguished 
between the localisation of the proteolytic enzymes in the 
particular tissue. Hydrophilic drugs such as peptides and 
proteins are rather degraded by soluble enzymes occurring 
in the blood and membrane bound enzymes than by 
enzymes that occur mainly or exclusively in the cytoso- 
plasma. Although a broad variety of peptidases and pro- 
teases occur in the above mentioned tissues, it must be 
taken into consideration that most of them exhibit narrow 
cleavage specificity. In Table 1, an overview about pepti- 
dases and proteases occurring in human blood, liver and 
kidney is provided. 

Exopeptidases can be divided into two groups, amino- 
and carboxypeptidases. Aminopeptidases cleave peptides 
at the N-terminal whereas carboxypeptidases cleave pep- 
tides at the C-terminal site. Several exopeptidases occur- 
ing in human blood, liver and plasma as well as there 
preferred cleavage sites are listed in Tables 2 and 3. Infor- 
mation concerning cleavage specificity of proteolytic 
enzymes was summarized from the enzyme database at 
http://www.brenda.uni-koeln.de. As mentioned above, 
the localization of peptidases and proteases in the partic- 
ular tissue is important. Therefore information about tis- 
sue localization is also provided in Tables 2 and 3. 

In Table 4, dipeptidases and endopeptidases of human 
blood, liver and kidney as well as their localization in the 
particular tissue are shown. Endopeptidases often exhibit 



narrow cleavage specificity. However, modification in 
order to stabilise peptide or protein drugs towards endo- 
peptidases is commonly more challenging than protecting 
N- or C-terminal sites towards endopeptidase cleavage. 

2. Methods to evaluate parameters important 
for pep tide/protein drug plasma half life time 

2.1. In vitro test models 

A common method to evaluate peptide or protein stability 
towards systemic metabolism is to incubate the drug at 
37 °C and pH 7.4 in serum, plasma or diluted plasma 
(Fredholt et al., 2000). Samples can be withdrawn at 
pre-determined time points in order to gain a concentra- 
tion-time profile. Although this method gives a good over- 
view about the stability enhancement efficacy of modifi- 
cations in comparison to the unmodified drug, it has to be 
considered that some proteolytic enzymes occur exclu- 
sively in liver or kidney. To verify the influence of these 
organs regarding enzymatic degradation, homogenates of 
liver or kidney can be used for enzymatic stability studies 
(Powell et al„ 1992; Boulanger et al, 1992). However, 
therapeutic peptides and proteins - which are commonly 
hydrophilic molecules - will be digested to a much higher 
extent by such homogenates, containing large amounts of 
cytosolic enzymes, than can be expected under in vivo 
conditions. 

Another approach which leads to more detailed results 
is the incubation of the drug in a medium containing one 
or more isolated enzymes. In Fig. 1 for example, the time 
dependent degradation caused by purified porcine kidney 
dipeptidyl peptidase IV (DP IV) of glucose-dependent 



356 M. Werle and A. Bemkop-Schniirch 

Table 4. Peptidases/proteases of human blood, liver and kidney acting as dipephdase or endopeptidase 



Specificity 



Localization 



3.1.2.12 
3.4.13.3 
3.4.13.9 

3.4.13.18 

3.4.13.19 

3.4.13.20 

3.4.19.9 

3.4.21.41 
3.4.21.42 



3.4.21.B13 

3.4.21. B39 
3.4.22.16 

3.4.22. B13 



3.4.22.B40 
3.4.22.B41 
3.4.23.45 
3.4.24.11 



3.4.24.81 
3.4.24.86 



3.4.24.B9 
3.4.24.B13 



5-L-glutamyl-peptide + an amino acid = peptide + 5-L-glutamyl 



S-formylglutathione + H 2 0 = glutathione + formate 
hydrolysis of Xaa-/-His dipeptides 

hydrolysis of Xaa-/-Pro dipeptides, also acts on aminoacyl-hydroxyproline 

analogs, no action on Pro-Pro 
hydrolysis of dipeptides, preferentially hydrophobic dipeptides including 

prolyl amino acids 
hydrolysis of dipeptides 

preferential hydrolysis of the beta-Ala-/-His dipeptide (carnosine), and also 

anserine, Xaa-/-His dipeptides and other dipeptides including homocarnosine 
hydrolysis of a gamma-glutamyl bond 



selective cleavage of Lys(or Arg)-/-Ile bond in complement 

subcomponent Cls to form the active form of Cls 
cleavage of Arg-/-Ala bond in complement component C4 to form C4a and 

C4b, and Lys(or Arg)-/-Lys bond in complement component C2 to form C2a 

and C2b: the "classical" pathway C3 convertase 
endopeptidase activity. Cleaves C-terminal site of Lys and Arg 
endopeptidase activity. It triggers the activation of complement cascade by 

activating the C4 and C2 components. It activates the C4 component by 

cleaving the alpha-chain of C4 
endoprotease activity. Enzyme can degrade iciA, ada, casein and globin 
proteolytic cleavage of polypeptides 
hydrolysis of proteins, acting as an aminopeptidase as well 

as an endopeptidase 
the preferred cleavage sequence is LEHD-/-. Binding of caspase-9 to 

Apaf-1 leads to activation of the protease which then cleaves and activates 

caspase-3. Proteolytically cleaves poly(ADP-ribose) polymerase (PARP) 
the preferred cleavage sequence is WEHD-/- or LEHD-/-. Efficient 

cleavage of p35 and pro-caspase-3 
the preferred cleavage sequence is WEHD-/- or LEHD-/-. Caspase-5 has 

protease activity on its own precursor and cleaves p35 and pro-caspase-3 
broad endopeptidase specificity. Cleaves Glu-Val-Asn-Leu-Asp-Ala-Glu-Phe 

in the Swedish variant of Alzheimer's amyloid precursor protein 
preferential cleavage of polypeptides between hydrophobic residues, 

particularly with Phe or Tyr at PI' 
hydrolysis preferentially on carboxyl side of hydrophobic residues 
endopeptidase activity. Activates progelatinase A by cleavage of the 

propeptide at Asn37-/-Leu. Other bonds hydrolysed include Gly35-/-Ile 

in the propeptide of collagenase 3, and Asn341-/-Phe, Asp441-/-Leu 
and Gln354-/-Thr in the aggrecan interglobular domain 
endopeptidase of broad specificity 

narrow endopeptidase specificity. Cleaves 

Pro-Leu-Ala-Gln-AlaVal-Arg-Ser-Ser-Ser in the membrane-bound, 26-kDa 
form of tumor necrosis factor a (TNFa). Similarly cleaves other membrane- 
anchored, cell-surface proteins to "shed" the extracellular domains 

proteolytic cleavage of proteins 

proteolytic cleavage of von Willebrand factor 



Extracellular (blood, duodenum) 
(Shaw, 1983), membrane (pancreas) 
[Sugimoto et al. (Characterization of 
gamma-GTP in a human pancreatic 
cancer cell line)] 

Cytosol (liver) (Uotila et al., 1974) 

Cytosol 

Extracellular, cytosol (JURKAT cell) 
(Chiravuri, 2000) 



Membrane (kidney) 
(Hooper et al., 1990) 



Cytoplasm, lysosome, membrane 
(jejunum) (Gregory et al., 1987), 
soluble (intracellular, jejunum) 
r, 1977) 



Cytosol (JURKAT cell) 
(Reisenauer, 1977) 



Membrane (Fluhrer et al., 2002) 

Membrane (cerebrospinal fluid, plasma 

(Spillantini et al., 1990) 
Membrane (Yamaguchi et al„ 1994) 
Cytoplasm, membrane (liver) 

(Seiki, 2003) 



Membrane (kidney) 

(Anders et al„ 2001) 
Cytoplasm, membrane (kidney) 

(Schloendorff et al., 2000) 



Extracellular (liver) 
(Hotoda et al., 2002), 

Extracellular (plasma, s 
(Furlan et al., 1996) 



alteration of the drug, especially when it is degraded by 
endopeptidases. 

Needless to say that only a small amount of isolated 
proteolytic enzymes is commercially available and the 
isolation of certain enzymes can be intricate. Therefore 
another approach is the utilization of specific enzyme 
inhibitors. A reasonable proceeding is to first identify 
the theoretical eligible peptidases and proteases and then 
to systematically add specific inhibitors to the plasma in 
order to see if a stabilisation of the drug can be achieved. 
Thereafter, the drug can be modified in a well-directed 
manner. Various inhibitors of human peptidases and pro- 
teases as well as the molecular mass of the proteolytic 
enzymes are shown in Tables 5-7. 

Renal excretion of most peptides and proteins is deter- 
mined by glomerular filtration and reabsorption in the 
proximal tubule. Physico-chemical properties of the com- 
pound as well as its plasma protein binding ability can be 
used to predict renal clearance. Of course these param- 
eters are less predictable where active secretion or reab- 
sorption and saturation kinetics are involved. 

If peptides and proteins are degraded by proteolytic 
enzymes, it is generally important to identify the frag- 



Tablc5. Inhibitors of human aminopeptidases 



EC number 


Molecular mass [kDa] 


Inhibitors 


3.3.2.6 


49 (Ohishi et al„ 1987) 


14,15-Leukotriene A4, HgCl 2 , Leukotriene A4, Leukotriene A4 
methyl ester, N-Ethylmaleimide, PCMB (Ohishi et al., 1987) 


3.4.11.1 


326 (Kohno et al„ 1986) 


1,10-Phenanthroline, Amastatin, Bestatin, EDTA, Iodoacetic acid, 
N-Ethylmaleimide, p-Chloromercuribenzoate (Kohno et al., 1986) 


3.4.11.2 


240 (Tokioka-Terao et al„ 1984) 


1,10-Phenantroline (McClellan et al., 1980), 8-Hydroxychinoline 
(McClellan et al., 1980), Bacitracin (Yamamoto et al., 1994; 
Langguth et al., 1994), Bestatin (Okagawa et al., 1994), EDTA 
(Yamamoto et al., 1994), Puromycin (Langguth et al., 1994) 


3.4.11.3 


340 (Lampelo et al„ 1979) 


1,10-Phenanthroline, Co 2+ , EDTA, EGTA, L-Methionine, Ni 2+ , Zn 2+ 
(Lampelo et al., 1979) 


3.4.11.4 


100 (Lees et al., 1990) 


Cd 2+ , Cu 2+ , Hg 2+ , N-Ethylmaleimide, p-Hydroxymercuriphenyl 
sulfonate, Zn 2+ (Lees et al., 1990) 


3.4.11.5 


300 (Matsushima et al., 1991) 




3.4.11.6 


220 (Nagata et al., 1991) 


Arphamenine A, Arphamenine B, Bestatin, Cd 2+ , Cu 2+ , Hg 2+ , 
p-Chloromercuribenzoate (Nagata et al., 1991) 


3.4.11.7 


190 (Nagatsu et al., 1970) 


1,10-Phenantroline, EDTA, Puromycin (Auricchio et al., 1978) 


3.4.11.9 


140 (Cottrell et al., 2000) 


1,10-Phenanthroline, apstatin, Ca 2+ , Co 2+ , Cu 2+ , Dithiothreitol, 
EDTA, Glutathione, Mg 2+ , Ni 2+ , Zn 2+ (Cottrell et al., 2000) 


3.4.11.14 


223, 242 


Benzylpenicillenic acid, Penicillin, Puromycin (Little et al., 1976) 


3.4.14.1 


210 (Mantle, 1991) 


Leupeptin, NEM, p-Hydroxymercuriphenyl sulfonate (Mantle, 1991) 


3.4.14.2 




Bestatin, Diisopropyl fluorophosphate, phenylmethylsulfonyl fluoride, 
Tris (Sakai et al., 1987) 


3.4.14.5 


230-250 (Shibuya-Saruta et al„ 1996) 


Cd 2+ , Diprotin A, Hg 2+ , Leu, Lys, Met, PCMB, SrCl 2 , Zn 2+ 
(Shibuya-Saruta et al., 1996), Ala-thiazolidide, Ile-thiazolidide 
(Pauly et al., 1999, 1996), NVP DPP728 
(Ahren et al., 2002), valine-pyrrolidide (Deacon et al., 1998) 


3.4.19.3 


22 (Mantle et al., 1991) 


Amastatin, Chymostatin, Elastinal, Leupeptin (Mantle et al., 1991) 


3.4.22.16 


28 (Schwartz et al., 1980) 


chymostatin B, lodoacetamide, Leupeptin, Puromycin, Soybean 
trypsin inhibitor (Schwartz et al., 1980) 


3.4.24.86 


120 (Schloendorff et al., 2000) 


1,10-Phenanthroline, BB 94, EndoH, Hydroxamate, TACE-pro domain 



1.0 




0.7 -I , , , r- 

0 10 20 30 40 

Time [min] 



Fig. 1. Quantification of the DP IV-catalyzed GIP1-42 hydrolysis in the 
presence of specific DP IV inhibitors using MALDI-TOF MS; O represents 
substrate turnover in the absence of inhibitor, ■ represents turnover in the 
presence of alanine-thiazolidide and A represents turnover in the pres- 
ence of isoleucine-thiazolidide; slightly modified from Pauly et al. (1996) 

insulinotropic polypeptide (1-42) (GIP1-42) with and 
without inhibitors is shown (Pauly et al., 1996). Knowing 
the theoretical cleavage sites may allow a more specific 
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Table 6. Inhibitors of human carboxypeptidases 



Inhibitors 



155 (Stewart et al„ 1981) 
115 (Odya et al., 1981) 



435 (Wang et al., 1994) 



Captopril, EDTA, snake venom peptide (Stewart et al., 1981) 
Diisopropyl fluorophosphate, Pepstatin, phenylmethylsulfonyl 

fluoride (Odya et al., 1981) 
6-Amino-n-hexanoic acid, Co 2+ , EDTA, SDS, Urea 
2,3-dimercatopropan-l-ol, 2-Mercaptoethanol, 6-Aminohexanoic acid, 

Cd 2+ , CoCl 2 , EDTA, Hg 2+ , MnCl 2 , NiS0 4 , Zn 2+ (Schweisfurth, 1984) 
1,10-Phenanthrohne. 2-Guanidinoethylmercaptosuccinic acid (Wang et al., 
1994), 2-Mercaptoethanol, 2-mercaptomethyI-3-guanidino-ethylthiopropanoic 
acid, Dithiothreitol, EDTA, Epsilon-aminocaproic acid, guanidinoethyl- 
mercaptosuccinic acid, p-Chloromercuribenzoate, peptide inhibitor from 
Hirudo medicinalis, Potato carboxypeptidase inhibitor (Bouma et al., 2001) 
cetyl-beta-L-Asp-L-Glu, Quisqualic acid (Carter et al., 1996), 



CA- 



n C, GFG-sen 



ments because they can exhibit pharmacological activity. 
It is for example well known that the terminal located 
helices of teriparatide are essential for bioactivity which 
is mediated by an activation of cAMP/protein kinase-A 
(PKA) as well as protein kinase-C (PKC). C-truncated 
derivatives such as PTH 1-31 are able to stimulate intra- 
cellular cAMP accumulation. However, it has been 
demonstrated that PTH 1-31 is less potent to increase 
serum calcium levels in mice in comparison to PTH 1-34 
(Mohan et al., 2000). Fujimori et al. demonstrated that 
activation of cAMP/PKA system requires the N-terminal 
amino acids 1 and 2 whereas the phospholipase-C/PKC 
system is coupled to a longer domain of the hormone's 
N-terminus (Fujimori et al., 1992). Also Tsomaia et al. 
showed that the N-terminal residues (1-4) of the sig- 
nalling domain plays a significant role in PTH action 
(Tsomaia et al., 2004). Furthermore it has been demon- 
strated, that the truncated fragment PTH 2-34 was only 
67% as potent as PTH 1-34 and deletion of the first two 
amino acids at the N terminus abolished the hormone's 
ability to stimulate cAMP production in UMR- 106-01 
cells (Civitelli et al., 1994). Moreover, it was shown that 
also the PTH analogues 3-34, 7-34 and 13-34 did not 
stimulate cAMP production (Yu et al., 1997). 

Fragments of enzymatic peptide/protein drug hydroly- 
sis can be isolated by HPLC and identified by mass spec- 
troscopy (Hernandez-Ledesma et al., 2005). Knowing the 
cleavage sites of a peptide/protein drug allows a well- 
directed modification leading to improved enzymatic sta- 
bility. Also simple methods such as thin layer chromato- 
graphy can be helpful, especially for the identification of 
single amino acids cleaved by amino- or carboxypepti- 
dases (Werle et al., 2006). 



2.2. In vivo test models 

Results of in vitro studies lead to specific modification of 
the drug in order to enhance its enzymatic stability. The 
ultimate proof of prolonged plasma half life time how- 
ever, has to be provided by in vivo studies. Above all, 
in vivo studies are necessary for systems which prolong 
plasma half life time only partly by improving enzymatic 
stability such as PEGylation or oligomerization. After 
injection, blood samples are withdrawn at pre-determined 
time points and the degradation process is stopped for 
example by adding inhibitors such as EDTA or trifluoro 
acetic acid to gain a concentration-time curve. In Fig. 2 
the time dependent plasma concentration of intravenously 
administered IFN-tx2b (I) in comparison to a PEGylated 
derivative (II) is shown. Peptide drugs and proteins can 
usually be evaluated by HPLC, RIA or ELISA (Song et al., 
2002; Ziegler et al., 1984; Kekow et al., 1988). 

Beside direct detection of the compound itself it is 
sometimes possible to monitor the biological response 
caused by the drug such as a decrease in blood glucose 
after insulin administration (Krauland et al., 2004). 

To predict renal clearance for humans, the use of inter- 
species allometric scaling approaches has been quite suc- 
cessful (Dedrick, 1973; Boxenbaum, 1982; Sawada et al., 
1984). Nevertheless, the practical value of this approach is 
strongly limited due to the fact that it requires experimen- 
tation in four to five species (Lin, 1998). Another and 
more simple approach for predicting human renal clear- 
ance is to use the ratio of glomerular filtration rate (GFR) 
between rats and humans (Lin, 1995). Ratios of renal 
clearance for various drugs in rats and humans are roughly 
similar to the ratio of GFR between these two species. 
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Table 7. Inhibitors of human di- and endopeptidases 



EC number 
num er 


Mil n.ni 

o ecu ar mass [ a J 


n l iters 


2.3.2.2. 


300 (Echetebu et al., 1982) 


Glutathione (Miller et al., 1976), glycine (Wahlefeld et al., 1983), maleate (Miller, 






et al., 1976), NH4 (Miller et al., 1976), urea (Ikeda et al., 1995) 


3.1.2.12 


52, 58 (Uotila et al., 1974) 


Ascorbate, CaCI 2 , Co 2+ , CuS0 4 , Folate, Glutathione, HgCl 2 , Iodoacetate, 






p-Hydroxymercuribenzoate, Zn 2+ (Uotila et al., 1974) 


3.4.13.3 


160 (Lenney et al., 1982) 


1,10-Phenanthroline, Co 2+ , Dithiothreitol, Homocarnosine (Lenney et al., 1982) 






EDTA (Lenney et al., 1985) 


. . . 


• 

108, 185 (Ohhashi et al., 1990) 


Daunorubicin, Doxorubicin (Muszynska et al., 2001), p-Chloromercuribenzoate 






(Endo et al., 1989) 




,-,'c ™n /c SU 3 Et a ". m m 


Cd 2+ , Cu 2+ , EDTA, Mn 2+ , Ni 2+ , p-Chloromercuribenzoate, Pb 2+ , Zn 2+ 


' ' ' 


135, 200 (Sugiura et al., 1978) 








et al., 1978) 


3 4 13 20 


Et ^ 'iQ7«;? 




. . . 


( oieet " ' 








(Wang et al., 1986) 


3.4.21.41 


17 (Sim et al., 1977) 


4-Nitrophenyl-4-guanidinobenzoate, Clbar-inhibitor, Diisopropyl fluorophosphate, 






Leupeptin, NaCl (Sim, 1981) 


3 4 21 42 
. . . 


13 (Sumi et a ., 9 ) 


3,4-Dichloroisocoumarin, 4-chloro-3-(3-isothiureidopropoxy)isocoumarin, 






4-chloro-3-ethoxy-7-guanidinoisocoumarin, 4-chloro-7-guanidino-3- 






(2-phenylethoxy)isocoumarin, 4-chIoro-7-guanidino-3-methoxyisocoumarin, 






7-amino-4-chloro-3-(3-isothiureidopropoxy)isocoumarin (Kam et al., 1992) 




70 (Hunfeld et al., 1999) 


alphal-proteinase, alpha2-antiplasmin, Aprotinin, Cl-esterase inhibitor, Co 2 " 1 ", 






Cu 2+ (Hunfeld et al., 1999) 


3 4 21 B7 


( ong et a ., ) 


alpha-2-Macroglobulin, Cl-inhibitor, PefablocSC (Wong et al., 1999) 










40 (Youser et al., 2003) 


7. 

Alphal -antitrypsin, alpha2-MacroglobuIin (Yousef et al., 2003) 


3422 16 
. . . 


28 (Schwartz et al., 1980) 


chymostatin B, Iodoacctamide, Leupeptin, Puromycin, Soybean trypsin 






inhibitor (Schwartz et al., 1980) 


3.4.22.B13 




acetyl-AEVD-CHO, acetyl-DEVD-CHO, acetyl-IETD-CHO, acetyl-WEHD-CHO, 






acetyl- YVAD-CHO, benzyloxycarbonyl-VAD-fluoromethylketone, cowpox serpin 






CrmA (Garcia-Calvo et al., 1998) 


' ' ' 




acetyl -AEVD-aldehyde, acetyl-DEVD-aldehyde, acetyl-IETD-aldehydc, 






acetyl-WEHD-aldehyde, acetyl- YVAD-aldehyde, bcnzyloxycarbonyl VAD- 






fluoromethylketone (Garcia-Calvo et al„ 1998) 


3.4.22.B41 




acetyl-AEVD-aldehyde, acetyl-DEVD-aldehyde, acetyl-IETD-aldehyde, 






acetyl-WEHD-aldehyde, acetyl-YVAD-aldehyde, benzyloxycarbonyl-VAD- 






fluoromethylketone, cowpox serpin CrmA (Garcia-Calvo et al., 1998) 


3 4 23 45 


62, 65 (Fluhrer et al., 2002) 


Cu :+ . Zn :+ (Kim et al., 2002) 


3.4.24.11 




Leu5-enkephalin, Met5-enkephalin, Phosphoramidon, Thiorphan, thiorphan-NH 2 






(Spillantini et al., 1990) 


3.4.24.18 


200 (Sterchi et al., 1988) 


1,10-Phenanthroline, Ca 2+ , Captopril, DTT, EDTA, Zn 2+ (Sterchi et al., 1988) 


3.4.24.80 




Marimastat, TIMP-2, TIMP-4 (Toth et al., 2002) 


3.4.24.81 


68 (Colciaghi et al., 2002) 


BB3103, o-Phenanthroline, TAPI (Vincent et al„ 2001) 


3.4.24.86 


120 (Schloendorff et al., 2000) 


1,10-Phenanthroline, BB 94, EndoH, Hydroxamate, TACE-pro domain 


3.4.24.B9 




Aprotinin, Benzamidine, Hydroxamates, o-Phenanthroline, phosporamidon, T1MP-1, 






TIMP-3 (Amour et al., 2002) 


3.4.24.B13 


300 (Furlan et al., 1996) 


Citrate, EDTA, EGTA, N-Ethylmaleimide, Z-Phe-Phe-CHN 2 (Furlan et al„ 1996) 



Therefore, knowledge of renal clearance in rats allows the 
approximate estimation of human renal clearance using 
GFR ratios. 

3. Strategies to improve peptide/protein drug 
plasma half life time 

Although several strategies to improve peptide/protein 
drug plasma half life are already established, drug mod- 



ifications shall be based on an exact knowledge of the 
enzymatic susceptibility of the particular drug. 

It was for example demonstrated, that dermorphin ana- 
logues with additional D-amino acid substitutions were 
cleaved more rapidly than the parent peptides. This may 
be due to remote secondary structural features which 
may be important for differential enzyme susceptibility 
(Darlak et al., 1988). In addition, studies of Rafferty 
et al. demonstrated that D-amino acid- substituted ana- 
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Fig. 2. IFN-ot2b time course following a single 125 ug/kg intravenous 
bolus dose in male Sprague-Dawley rats. The symbols (open circles) 
represent the observed concentration data (three points per sampling 
time) from each treatment group (i.e., graph I for the unconjugated 
I FN; graph II for the PEG 2 ,40K-IFN-a2b). The continued lines represent 
the predicted values according to the best fitted-curve using compartment 
modelling; slightly modified from Ramon et al. (2005) 

logues of growth hormone-releasing factor 1-29-amide 
did not exhibit significant different plasma half life times 
after intravenous injection in rats in comparison to the 
unmodified compound (Rafferty et al., 1988). These two 
examples emphasize the importance of well directed drug 
modification. 

3.1. Modification of N- and C-terminus 

As shown in Tables 1-3, several proteolytic enzymes 
occurring in plasma, liver and kidney which affect 
therapeutic peptides and proteins are exopeptidases. 
Therefore, a modification of either or both of the peptide/ 
protein drug termini can in many cases significantly 
increase enzymatic stability. However, modifications 
always can lead to a loss of drug activity. One common 
way of terminal modification is N-acetylation and C-ami- 
dation. Brinckerhoff et al. for example significantly pro- 



longed plasma stability of the immunogenic peptide 
MART-I 27 _35 by C-terminal amidation and/or N-terminal 
acetylation (Brinckerhoff et al., 1999). Also N-pyrogluta- 
mylation led to an improved enzymatic stability of gluca- 
gon-like-peptide-l 7 _ 36 (Green et al., 2004). 

Various fatty acids of chain lengths ranging from 4 to 
18 were conjugated to RC-160, a somatostatin analogue 
with anti-proliferative activity. The novel compounds 
exhibited greater resistance towards trypsin and se- 
rum degradation in comparison to unmodified RC-160 
(Dasgupta et al., 2002). 

Another approach is the specific covalent attachment of 
PEG to either or both termini of a peptide or a protein 
drug. The N-terminal modification of glucose-dependent 
insulinotropic polypeptide (GIP1-30) with 40kDa PEG 
abrogated functional activity, whereas C-terminal PEGy- 
lation of GIP1-30 maintained full agonism at the GIP 
receptor and conferred a high level of dipeptidyl peptidase 
IV (DP IV) resistance. Moreover, the dual modification of 
N-terminal palmitoyl and C-terminal PEGylation resulted 
in a full agonist of comparable potency to native GIP that 
was stable to DP IV cleavage (Salhanick et al., 2005). 
Also Irwin et al. developed palmitate-derivitized ana- 
logues of N-terminal pyroglutamyl GIP which were com- 
pletely resistant to DP IV degradation (Irwin et al, 2005). 

In general, also a head-to-tail cyclization of peptides 
and proteins by the formation of an amide bond between 
C- and N-terminus in order to prevent exopeptidase 
caused degradation is possible. Of course, an alteration 
of the shape may lead to a loss in activity. Marastoni 
et al. prepared linear and head to tail cyclic hexapeptide 
analogues of peptide T All compounds showed significant 
bioactivity and the cyclic peptides also proved to be 
highly resistant to degradation by plasma and brain 
enzymes (Marastoni et al., 1994). 

3.2. Replacement of labile amino acids 

A replacement of amino acids which are known to be 
susceptible for enzymatic cleavage is another strategy to 
delay degradation and therefore to improve plasma half 
life time. The substitution of L-amino acids with D-amino 
acids at both termini led to a stabilisation of several pep- 
tides (Powell et al., 1993). Various luteinizing hormone 
releasing hormone (LHRH) analogues which are substi- 
tuted in positions 6, 10 or both and which furthermore 
are much more active and possess prolonged activity in 
comparison to LHRH are on the market including 
[D-Trp 6 ]LHRH (triptorelin), [D-Leu 6 , Pro 9 -NHEt]LHRH 
(leuprolide), [D-Ser(But) 6 , Pro 9 -NHEt]LHRH (buserelin), 
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[D-Ser(But) 6 , Aza-Gly 10 ]LHRH (goserelin) and [D- 
Nal(2) 6 ]LHRH (nafarelin) (Holland et al., 1996). 

Cetrorelix, a decapeptide, has a highly modified LHRH 
sequence, comprising 10 amino acids, five out of which 
are in a non-natural D-configuration. It is an antagonist of 
the luteinizing hormone releasing hormone (LHRH) and 
is highly resistant to degrading enzymes, e.g. chymo- 
trypsin, pronase and nargase, for up to 50 h at 37 °C 
(Reissmann et al., 1994) which is in sharp contrast to sev- 
eral LHRH agonists which face almost complete deg- 
radation within few hours. The proteolytic stability of 
Cetrorelix is underlined in comparison with a diastereo- 
meric analogue comprising L-configured citrulline in posi- 
tion 6 instead of D-citrulline as in Cetrorelix. This ana- 
logue is highly sensitive to degradation (Pinski et al, 1995). 

Also analogues of glucagon-like peptide 1 (GLP-1), 
which were N-terminally substituted with threonine, gly- 
cine, serine or alpha-aminoisobutyric acid were more 
resistant to dipeptidyl peptidase IV than the unmodified 
compound (Deacon et al., 1998). By substituting the the- 
oretical chymotrypsin cleavage site of a cystine-knot 
microprotein, stabilisation towards this peptidase was 
achieved (Werle et al., 2006). Marx et al. expressed, puri- 
fied and characterised two chimeras of activated thrombin- 
activable fibrinolysis inhibitor (TAFIa), in which the non 
conserved residues were replaced by residues of pancre- 
atic carboxypeptidase B. TAFIa is a labile carboxy pepti- 
dase B which is inactivated by conformational instability 
and proteolysis, whereas pancreatic carboxypeptidase B 
is a stable protease. One of the mutants displayed a 
markedly prolonged half life time (Marx et al., 2004). Also 
the GLP-1 analog [Ser]GLP-l (7-36) amide, in which the 
second N-terminal amino acid alanine was replaced by 
serine was not significantly degraded by human and rat 
plasma in comparison to unmodified GLP-1 (Ritzel et al., 
1998). 

Strausberg et al. improved activity and stability of sub- 
tilisin by sequentially randomizing 12 amino acid posi- 
tions in calcium-free subtilisin. The optimal amino acid 
for each randomized site was chosen based on stability 
and catalytic properties and became the parent clone for 
the next round of mutagenesis. Taken together, the 12 
selected mutations increased subtilisin half-life at elevated 
temperature 15,000-fold (Strausberg et al., 2005). 

3.3. Cyclization 

Cyclization of a peptide or protein is a method to decrease 
proteolytic degradation and to prolong half life time. 
Growth regulating factor (GRF) and analogues were incu- 



bated in porcine plasma at 37 °C. GRF(l-29)-NH 2 dis- 
played a half life time of only 13 minutes. Substitution of 
Glyl5 by Alal5 only slightly prolonged plasma half life 
time (17min), whereas side-chain to side-chain cycliza- 
tion between Asp8 and Lysl2 amino acid residues signif- 
icantly improved the stability of GRF in plasma with tl/2 
greater than 2h. In addition, cyclization between Lys21 
and Asp25 also improved GRF stability in plasma. Enzy- 
matic stability and half life time were even more 
improved by substitution of D-Ala2 for Ala2 in the cyclic 
analogue (Su et al., 1991). Osapay et al. synthesised a 
series of cyclic somatostatin analogues containing a 
lanfhionine bridge. The enzymatic stability of lanthionine- 
sandostatin and sandostatin was studied in rat brain homog- 
enates. Although both compounds exhibited high enzyma- 
tic stability, the cyclic lanthionine-sandostatin had a 2.4- 
fold prolonged half life time in comparison to sandostatin 
(Osapay et al., 1997). Also a cyclic disulfide bonded 
analogue of indolicidin displayed greatly increased pro- 
tease stability and the half life time in the presence of 
trypsin was increased 4.5-fold from 4 to 18 minutes 
(Rozek et al., 2003). Beside of cyclization in the molecule 
also a head to tail cyclization as mentioned in Section 3.1 
can improve enzymatic stability. 

3.4. Enzyme inhibition 

An interesting approach for prolonging half life time of 
peptides and proteins might be the co-administration of 
specific enzyme inhibitors. It already has been demon- 
strated in vitro and in vivo that co-administration of 
enzyme inhibitors to oral dosage forms increases oral 
bioavailability (Fujii et al., 1985; Langguth et al., 1994; 
Morishita et al., 1992; Yamamoto et al., 1994). Recently, 
Pauly et al. (1990) showed the effectiveness of Ile-thia- 
zolidide, a specific dipeptidyl dipeptidase IV inhibitor to 
increase circulating half life time of GLP-17-36. HPLC 
analysis of plasma following in vivo administration of 
1251-labeled peptides showed that inhibition of DP IV 
by about 70% prevented the degradation of 90.0% of 
injected 125I-GLP- 17-36 within 5min, whereas only 
13.4% remained unhydrolyzed in rats not treated with 
the DP IV-inhibitor after only 2min (Pauly et al., 1999). 
Also the co-administration of the inhibitors NVP DPP728 
and valine-pyrrolidide resulted in prolonged plasma 
half life time of the intact peptide (Ahren et al., 2002; 
Deacon et al., 1998). Wiedeman and Trevillyan summa- 
rized recent advances in the design of potent and selective 
small molecule inhibitors of DP IV and the potential chal- 
lenges to the development of DP IV inhibitors for the 
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treatment of impaired glucose tolerance and type-2 dia- 
betes (Wiedeman et al., 2003). 

3.5. Increasing molecular mass: PEGylation 
and oligomerization 

As a general rule, substances with a molecular mass 
below 5 kDa which are not bound to plasma proteins are 
completely excreted via the renal route, whereas mole- 
cules with a molecular mass over 50 kDa cannot or only 
in very small amounts be found in the glomerular ultra- 
filtrate. Accordingly, a main reason for short peptide and 
protein half life time beside enzymatic degradation is their 
fast renal excretion. Therefore, half life time can be pro- 
longed by increasing drug size. Furthermore, a synergistic 
effect may be given by additional enzyme inhibition. 
Beside chemical modification of N- and C-termini which 
is usually an effective way to inhibit exopeptidases and 
replacement of labile amino acids, PEGylation offers the 
possibility to specifically protect endangered termini and 
furthermore increases molecular mass. Moreover, it is 
believed that PEGylation within the drug molecule leads 
to improved enzymatic stability mediated by a steric 
hindrance of proteolytic enzymes. Examples, where 
improved stability towards proteolytic digestion after 
PEGylation of the native protein was achieved are tumor 
necrosis factor, epidermal growth factor and interferon- 
ot-2b (INF-a2b) (Li et al., 2002; Lee et al., 2003; 
Ramon et al., 2005). The stability of INF-a2b towards 
trypsin caused degradation was strongly improved by 
the conjugation of PEG 2j 4o k to the native protein (Ramon 
et al., 2005). Furthermore, it has already been dem- 
onstrated that the effect of protecting PEGylated 
proteins from proteolysis is especially strong when high- 
molecular-weight, branched PEGs are used (Monfardini 
et al., 1995). 

Poly(ethyleneglycol) (PEG) exhibits several properties 
that are of relevance for pharmaceutical applications: high 
water solubility, high mobility in solution, lack of toxicity 
and immunogenicity and ready clearance from the body 
(Delgado et al., 1992; Harris et al, 1997). Interestingly, 
many of these properties are transferred to PEG-protein or 
PEG-peptide conjugates. The extent of these feature are 
dependent on the molecular weight of the attached PEG. 
As demonstrated for example by He et al., only minor 
changes in immunogenicity of trichosanthin after modifi- 
cation with PEG 5k was observed, whereas modification 
with PEG 2 ok led to significantly reduced immunogenicity 
(He et al, 1999). Up to now, there are lots of data about 
the chemistry of PEGylation published (Kozlowski et al., 



2001). Also a multitude of scientific articles have already 
been published where the effectiveness of PEG to im- 
prove half life time was clearly demonstrated (Sun et al., 
2003). Lee et al. for example showed that site specific 
mono-PEGylation of GLP-1 led to a 16-fold increase in 
plasma half life time in rats (Lee et al, 2005). Moreover, 
some PEGylated proteins for human use are already on 
the market including PEGylated adenosine deaminase 
and asparaginase as well as oc-Interferon. PEG-Intron, a 
PEGylated cc-interferon marketed by Schering-Plough and 
approved by the FDA in 2001 for the treatment of hepa- 
titis C, has an elimination half life time of 50 hours in 
comparison to 5 hours of the native oc-interferon. Pegasys, 
a PEGylated a-interferon developed by Roche even ex- 
hibits an elimination half life time of 77 hours. Further- 
more it has been shown recently by Ramon et al. that a 
PEG 2>4 ok conjugate of INF-a-2b exhibited a 330-fold pro- 
longed plasma half life time in rats compared to the native 
protein (Fig. 2) (Ramon et al., 2005). 

Polymers of N-acetylneuraminic acid (polysialic acids) 
are naturally occurring, biodegradable, highly hydrophilic 
compounds which have no known receptors in the human 
body. After intravenous injection, polysialic acids exhibit 
long half-lives in the blood circulation and can therefore 
be used as carriers of short-lived drugs and small peptides. 
Furthermore, polysialic acids can be used in order to 
increase the circulatory half-life of proteins and thus serve 
as an alternative to the nonbiodegradable monomethoxy- 
poly(ethylene glycol) (Gregoriadis et al, 2000). Sialya- 
tion has been shown to effectively improve enzymatic 
stability of proteins as well as plasma half life time. Sia- 
lyated catalase for example was shown to be much more 
stable in the presence of specific endoproteases compared 
to the native enzyme (Fernandes et al., 1996). In vivo 
studies with polysialylated asparaginase in mice also 
revealed that beside of improved plasma stability also 
the half life time could be increased. Such an increase 
was greatest for the construct with the highest polysialy- 
lation (Fernandes et al., 1997). 

PEGylation and sialyation prolong half life time by a 
combination of two mechanisms - improvement of enzy- 
matic stability and decrease of renal excretion by increas- 
ing molecular mass - whereas oligomerization leads to 
prolonged half life time in first instance by increasing 
molecular mass. It was demonstrated for example, that a 
dimeric human erythropoietin, which was synthesized by 
chemical crosslinking of the monomeric form exhibited 
an increased plasma half life time in rabbits of more than 
24 h compared to 4 h of the monomeric form. This effect 
is believed to be due to a decrease in glomerular filtration. 
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Furthermore, the dimer exhibited a more than 26-fold 
higher activity in vivo (Sytkowski et al, 1998). 

3.6. Sustained delivery systems 

Prolonged plasma half life time can also be achieved 
without chemical modification of the drug by the utiliza- 
tion of sustained delivery systems. Liposomes, for exam- 
ple, are widely used as drug carriers. As demonstrated by 
Kim et al., half life time of streptokinase incorporated in 
liposomes increased 16.3- and 6.1-fold, respectively in 
comparison to those of streptokinase alone after femoral 
administration in rats (Kim et al., 1998). Also intraperi- 
toneal administered liposomes containing insulin exhib- 
ited a prolonged plasma half life time of 4-5 hours in 
contrast to free insulin solution in diabetic rats (Khaksa 
et al, 2000). In a pharmacokinetic in vivo study, after 
subcutaneous injections in rats, insulin like growth fac- 
tor- 1 (IGF-I) levels were sustained for 5-7 days with a 
multivesicular liposome drug delivery system, whereas 
IGF-I in the free form was cleared in one day (Katre 
et al., 1998). 

Sustained delivery systems based on the biodegradable 
polymers poly(lactic acid) (PL A) and poly(lactic/glycolic 
acid) (PLGA) have also been demonstrated to be effective 
in several in vivo studies. Heya et al. demonstrated the 
potential of PLGA microspheres as a sustained delivery 
system for thyrotropin releasing hormone (TRH) (Heya 
et al., 1994) and Okada et al. developed and evaluated a 
PLGA microsphere sustained delivery system for leupror- 
elin (Okada, 1997; Okada et al., 1994). In addition, long- 
acting delivery systems for triptorelin and other LHRH 
agonists in microcapsules of poly(DL-lactide-co-glycolide) 
(PLG) or different polymers designed to release a con- 
trolled dose of the peptide over a 30-day period were de- 
veloped (Parmar et al„ 1985; Sharifi et al., 1990). 

Another approach to achieve sustained delivery of pep- 
tide and protein drugs is the utilization of emulsions. A 
water/oil emulsion containing the hydrophilic markers 
aprotinin as well as pertechnetate displayed enhanced 
in vivo retention (Bjerregaard et al., 2001). 

Also cyclodextrins and derivates are known for several 
years to provide a sustained release of peptide drugs. 
Uekama et al. for example demonstrated a significantly 
retarded release of buserelin in vitro in presence of hepta- 
kis (2,6-di-0-ethyl)-beta-cyclodextrin (DE-(3-CyD) as well 
as an effective continuous plasma level of buserelin in vivo 
after single subcutaneous injection of a suspension con- 
taining a buserelin-DE-(3-CyD complex. Figure 3 shows 
the plasma concentrations of buserelin in rats following 
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Fig. 3. Plasma levels of buserelin following the subcutaneous ad- 
ministration of the oily suspension containing buserelin acetate or its 
DE-p-CyD complex (equivalent to 1 mg/kg as buserelin acetate) to rats. 
O: Buserelin acetate; •: DE-0-CyD complex; each point represents the 
mean ± s.e. of 5 rats; modified from Uekama et al. (1989) 

the subcutaneous administration of the oily suspension 
(Uekama et al., 1989). 

4. Conclusion 

To design long-acting analogues of peptide and protein 
drugs as well as delivery systems, it is of great importance 
to know the 'enemies strength'. Taking the different strat- 
egies to prolong half-life time discussed within this 
review into consideration, drug modifications should be 
based on an exact knowledge of the influence of proteo- 
lytic enzymes encountered with systemic circulation as 
well as the renal clearance of the drug. Within this review, 
an overview of most important proteolytic enzymes of 
human blood, liver and kidney as well as their cleavage 
specificity and inhibitors is provided in order to predict 
theoretical cleavage of peptide and protein drugs during 
systemic circulation. Furthermore, methods and strategies 
discussed within this review should allow well directed 
peptide/protein drug modification to prolong plasma half 
life time. 
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